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I SUMMARY

The objective of this study was to determine empirically the pene-

tration and mixing characteristics of multiple jets of ambient air injected

normally into a heated uniform flow between parallel walls. The range

of geometric and flow variables for this program were selected to make the

experimental data relevant to the design of combustors for gas turbine

engines.

Primary independent test variables were the orifice plate configura-

tion (16 orifice plate configurations were testedl and the ratios of jet-

to-mainstream momentum flux. The orifice plates contained sharp edged

orifices ranging in diameter from 0._3 cm (0.25 in.) to 2.54 cm (I.0 in.)

with the dimensionless orifice spacing, S/D, varied between 2 and 6. Momentum

flux ratios were varied by changing mainstream temperature and velocity, and

jet velocity in a prescribed manner. The mainstream flow field temperatures

surveyed were 450°K (810°R), 600°K (1080°R), and 750°K (1350°R), and the

mainstream velocity was varied from 15 m/sec (50 ft/sec) to 40 m/sec (155

ft/sec). Jet velocities, at the jet vena contracta, ranged from 25 m/sec

(83 ft/sec) to 121 m/sec (396 ft/sec). The jet penetration and mixing

characteristics were determined by total pressure and temperature surveys

throughout the flow downstream of the plane of secondary injection.

The results of this study are based on experimental observations.

No tasks to model the jet penetration and mixing processes were within the

scope of this program. A mixing parameter, ET, derived from observations

of the experimental data,expresses the mixing effectiveness as a percent

of the ideal energy exchanged _etween the cool jets and the hot mainstream.

The correlation of ET with the operating and design variables surveyed during

this study, in graphical form, was an end product of the investigation. In

addition to these ET correlatiors, isometric and contour plots of a non-

dimensional temperature parameter are presented for a variety of test condi-

tions and orifice geometries. These plots show the temperature profiles in

the test duct at several locations and clearly illustrate the penetration and



I Summary (cont.)

mixing characteristics of the secondary jets under a variety of conditions.

Based on evaluation of these data, the jet-to-mainstream momentum

flux ratio is the most important operating variable influencing jet pene-

tration and mixing. Neither the absolute momentum flux level of the two

streams nor the jet-to-mainstream density ratio appeared to influence jet

penetration or mixing significantly, except for the density ratio contri-

bution to the momentum flux ratio. At a given momentum flux level and dis-

tance from the injection plane, jet penetration and mixing increased with

increasing orifice diameter. However, the increase in jet penetration with

increased orifice diameter was influenced strongly by the orifice spacing.

Closely spaced orifices tended to inhibit penetration of the jet into the

mainstream. The use of slotted orifices appears to offer no significant

change in penetration when compared to circular orifices. Under some con-

ditions double orifice rows or mixed orifice sizes in a single row yield

better jet penetration and mixing compared to a single orifice row with

the same total flow area. Finally, the multiple jet results of this study,

when compared with single jet data, show that the interaction of adjacent

jets influences the temperature and velocity centerline trajectories.

-2-



II INTRODUCTION

The Multiple Jet Study was conducted under NASA Lewis Research

Center Contract NAS 3-15703. The purpose of the study was to determine

experimentally the penetration and mixing characteristics of multiple jets

of ambient temperature air injected perpendicularly into a bounded main-

stream of hot combustion gases. Data on the penetration and mixing of jets

in a crossflow has application to many problems of current interest, such as:

(i)

(2)

(3)
(4)

Cooling of hot gas streams in numerous industrial and military

devices.

Film cooling of combustion chamber walls, turbine blades,

and reentry vehicle nose cones.

The aerodynamics of STOL and VTOL aircraft.

The concentration and paths of pollutants downstream of

industrial chimneys or downstream from discharge lines leading

into rivers or streams.

The results of this investigation apply most directly to Item (I)

above. In particular, the results of the Multiple Jet Study have application

to combustion devices which use air dilution to cool combustion products and

quench reactions. The development of valid correlations for the mixing process

between cool multiple jets and a hot primary gas stream has two principal

benefits: (I) Through proper design of secondary air admission ports, the

combustor lengths required to achieve uniform temperature and mass flux profiles

can be minimized, and (2) the decreased combustor length required for complete

mixing will result in minimum residence time for production of nitrogen oxides.

Although the interaction of subsonic circular and noncircular jets

injected normally into a subsonic mainstream flow has been the subject of

numerous analytical and experimental studies, Ref. 1 - 5, the published works

to date have dealt with single jets rather than multiple jets in a bounded

cross flow as required for the cooling problem. The data of References 1 through

5 are for heated or ambient temperature jets directed upward into a mainstream

flow. In addition to pressure and/or temperature measurements in the flow field,

-3-



II Introduction (cont.)

the studies of References l, 2 and 4 also employed visual techniques to

define jet trajectories. The photographic data from Reference 6 showed

the ambient temperature jet path to be essentially the same, whether the

jet entered the mainstream vertically from the top or the bottom. The test

conditions of the current work more closely approximates the real gas

turbine combustor case than the conditions tested in the references cited

above; since (1) the use of cold jets exiting into a hot primary stream

is a better simulation of the combustion quenching process than studies of

interactions between hot jets and a cold primary flow, and (2) the use of

multiple injection ports provides a better characterization of a combustor

than does single jet injection.

The current work, through the use of 3800 stagnation pressure

and temperature probe measurements in the flow field at five axial stations,

has resulted in detailed temperature and pressure data at each axial meas-

urement plane. These data provide a quantitative measure of the mixing achieved.

Also when these data are presented in three-dimensional plots, they provide

a qualitative evaluation of the penetration and mixing. In order to process

the large quantity of data from each of the I05 tests conducted during the

program (over 8000 data values were measured for each test), all data reduc-

tion, analysis and flow field temperature and pressure plots were done by com-

puter.

Sixteen orifice plates were tested at a minimum of four operating

conditions each. The basic operating conditions were at a nominal mainstream

to jet temperature ratio of 2.0 and nominal jet to mainstream momentum flux

ratios of 6, 14, 25 and 60. On some tests other effects were evaluated; abso-

lute momentum level was changed and several tests were conducted with mainstream

to jet temperature ratios of 1.5 and 2.5. Turbulence generating grids were

used on some tests and a secondary air crossflow component was introduced on

some tests by the use of baffles.

-4-



II Introduction (cont.)

Dueto the large volumeof data collected during this study, not
all the data are shownin this report. A ComprehensiveData Report (CDR)

wascompiled which contains a complete reduced data listing and complete
temperature and pressure plots. Copies of this documentare in the possession
of the NASAProject Manager.

-5-



III TECHNICAL DISCUSSION

A. TEST FACILITY DESCRIPTION

The principal test apparatus consists of an air supply system,

hydrogen-fired vitiated air heater for the primary flow, primary air plenum,

main air duct (10.16 cm (4 in) by 30.48 cm (12 in) by 88.9 cm (35 in) long),

secondary air plenum, orifice plates (16), pressure and temperature rake with

traversing system, and the instrumentation and data acquisition system. A

schematic illustration of the test facility is shown in Figure I, and a photo-

graph showing the overall facility setup, before thermal insulation was applied,

is shown in Figure 2. A portion of the main air test duct with orifice plates

being installed is shown in Figure 3. The pressure probe/ thermocouple rake

shown in Figure 4 was traversed at five axial locations to determine flow

field mass flux and temperature distributions. The facility was designed to

minimize the effects of thermal expansion of the test duct on measurement pre-

cision. Also, the facility was designed and calibration tested to produce a

uniform velocity and temperature profile (within _2%) 5.08 cm (2.0 in) up-

stream of the secondary injector plane. A more detailed description of the

test facility and measuring apparatus is contained in Appendix B.

Prior to conducting tests with the various orifice plates,

system checkout and calibration tests were made to demonstrate system opera-

tion, measurement precision and uniformity of pressure and temperature in the

test duct flow field. A discussion of these tests and a review of orifice

plate test procedures is contained in Appendix C.

B. ORIFICE PLATE CONFIGURATIONS

The design features of the sixteen orifice plate configurations

which were tested during the Multiple Jet Study, are shown on Table I. Each

plate is identified by a configuration number which consists of one single

digit number and two 2-digit numbers separated by a slash and followed by

an alpha character for special identification. The first number is the aspect

ratio of the orifice, (I for circular orifices). The second number is the

nondimensional orifice spacing, orifice center to center dimension, S, divided

-6-



III Technical Discussion (cont.)

by the orifice diameter, D; and the third numberis the nondimensional orifice
size, the duct height, H, divided by the orifice diameter, D. Whenan alpha
character is appended,an "n" indicates a nominal orifice size,an "m" indicates
mixed orifice sizes in a single row and "d" indicates a double orifice row

plate. The 13 predrilled orifice plates (II of these were subsequently tested)
are shownin Figure 5. Oneof the orifice plates is shownwith downstream

orifice static pressure taps installed. The two turbulence generating grids
which were used on selected tests also are shownin the figure.

C. DATAREDUCTIONANDANALYSISPROCEDURES

A large quantity of data wasgenerated from each of the 105
tests conductedduring this program (8035 data values were measuredduring
each test.) In order to process this large quantity of data all data

reduction, analysis, and flow field temperature and pressure plots were done

by computer. The steps involved in the data acquisition, reduction, and
analysis for the Multiple Jet Programare shownscheRBtically in Figure 6.

The pressure and temperature probe signals were fed through signal conditioning
equipment (i.e., amplifiers, balance and range circuits, etc.) to a digital

printer and magnetic tape recorder. The printer provided a quick readout of
the data for monitoring purposeswhereas the magnetic tape provides permanent
storage for subsequentreduction and analysis. After the test or series of tests
were completed, the magnetic tape was sent from ALRCby courier to the data

processing center where the magnetic tape was read into a hi-speed digital
computer, upon demandfrom the timeshare console located at ALRC. This pro-
cess wasexecuted by inputting a data reduction programwhich read the tape
into the ProgramComplexFile (PCF). The output wasa computer listing of the
data as a function of time and a magnetic tape file of the reduced data. The

computer data listing wasused to check the data for inconsistencies and/or
errors. Themagnetic tape file was usedfor subsequentdata analysis.

Data analysis was accomplishedby inputting a data analysis

computerprogramand a directive to read the magnetic tape data file into the PCF.
The programoutput consisted of a computer listing of the calculated correlation
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III Technical Discussion (cont.)

parameters and a magnetic plot tape of the selected correlations. Data

plots were made by sending the plot tape to ALRC where it was processed on

a microfilm printer/plotter. This machine is a high-speed electronic printer/

plotter which has the capability to produce either microfilm or hard copies

of the data plots. The plotter operates by projecting the plots on a cathode

ray tube (CRT) and then photographing the display with either a microfilm

or a hard copy camera. The machine ca_ read the tape data at a peak rate

of 20,000 bits/second and is capable of producing well over 200 plots/hour.

This data system is capable of producing a complete analysis and set of data

plots within three working days from receipt of the raw data tape.

l ° Data Reduction Program

The objective of the data reduction program was to take

the raw digital data from the test data tapes, convert the data into engineering

units, and format the data to facilitate the mathematical computation which

was performed with the data analysis program. To achieve this objective, the

data reduction program used the various scale factors for each channel to

convert from raw input to engineering unit output. Since the test data was

recorded on the test tape in sequence of channel numbers and Scanivalve and

thermocouple stepper switch locations, the program reformated the data to place

like parameters in consecutive array positions. An interlaced array of alter-

nating integer and real numbers was used for program output. The integer

number represents the original location in the input data array and the real

number represents the value of the parameter in engineering units.

An EDIT subroutine was utilized to edit the incoming

data. In order for the test data reduction program to function properly,

the sequence of data acquisition had to be well defined so that the various

test parameters were identified correctly. Problems developed if input data

had an incorrect channel number assigned or if data values were repeated

or skipped. In order to eliminate these problems, the data editing subprogram

prescanned the data prior to execution of the data analysis program and iden-

tified and/or corrected data sequencing anomalies.

-8-



III Technical Discussion (cont.)

2. Data Analysis Program

The objective of the data analysis program was to use

the output from the data reduction program to calculate test run conditions

(weight flow rates,velocities, Mach numbers, momentum fluxes, densities, and

temperature), dimensionless temperature and pressure profiles, and correlating

parameters (pattern factors and energy exchange (ET)Values). The output from

the analysis program was a paper listing of the run conditions, correlating

parameters, and temperature and pressure values. In addition to the paper

listing, the temperature and pressure profile data were output on a magnetic

drum for use as input to the computer plotting routines. When the plot program

was executed, the output data was stored on magnetic tape which was then input

to the microfilm printer/plotter. Details of the methods of calculation used

in the data analysis program are contained in Appendix D.

D. DEFINITIONS OF DIMENSIONLESS PARAMETERS

The data resulting from tests conducted during this program were

evaluated in terms of nondimensional geometry, temperature, pressure and mixing

parameters.

l . Nondimensional Orifice Plate and Test Duct Geometry
Parameters

a. Orifice Plate

Although the nondimensional orifice plate para-

meters S/D and H/D have been introduced in a previous section, some further

discussion is warranted. With multiple jet injection, the spacing between

adjacent orifices may be defined by either of two nondimensional parameters;

(I) the orifice center to center distance, S, divided by the orifice diameter,

D, or (2) orifice spacing S, divided by duct height H. For this study, the

duct height was held constant.

-9-



III Technical Discussion (cont.)

b. Test Duct

The coordinate system used for the Multiple

Jet Study is orthogonal, with the X axis defined as the longitudinal axis
along the test duct axis, the Y axis as the vertical axis (in the direction
of the orifice centerlines) and the Z axis as the horizontal axis. The
coordinate system is illustrated on Figure 7. The X = 0 station is the jet

injection plane, Y = 0 station is at the jet orifice exit plane, and Z = 0
is the vertical plane at the first lateral measurementstation, usually
the midplane betweentwo orifices.

The downstreamdistances from the plane of the

secondary injection maybe evaluated either in terms of the downstreamdis-
tance to orifice diameter ratio, X/D, or in terms of the ratio of downstream

distance to duct height, X/H. If the ratio of duct height to orifice dia-

meter is large and jet to mainstream momentum flux ratio low, opposite wall

influences should be small and X/D would be expected to be the best correlating

parameter. However, if the ratio of duct height to orifice diameter is small

and jet to mainstream momentum flux ratio is high, then opposite wall influences

probably should not be neglected and X/H as well as X/D should be considered

as a correlating parameter. This is particularly evident when over penetration

of the jet occurs and the correlation between penetration depth and downstream

distance, X/D, deviates from the expected exponential relationship. A sample

of the dimensionless temperature profile at the X/H = .25 plane is shown in

the inset of Figure 7. The data was plotted over an orifice spacing of 2S,

beginning at the midpoint between two orifices. The relative jet orifice sizes

are shown on the figure and jet and mainstream velocity vectors are shown as

Vj and U,_ , respectively. The vertical duct axis is labeled Y/H with values

from 0 at the top of the duct to l.O at the bottom of the duct. The Z axis

is unlabeled, however, its length is always 2S and twenty-one equally spaced

temperature profiles are shown in the Z direction. The value of the non-

dimensional temperature,_, at a point in the Y/Z plane is indicated by the scale

on the third axis at the top of the figure. (High values of _ indicate the cool

region while low values of_indicate the hot region).
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III Technical Discussion (cont.)

. Nondimensional Temperature

The nondimensional temperature difference in the flow field

downstream of jet injection, _, is defined as:

T_ - Tx ,y, z

_x,y,z = T_ - Tj

(1)

where:
_x,y,z =

Too --

Tj =

T =
x,y,z

Theta, nondimensional temperature difference at a point
in the flow field

primary flow stagnation temperature

jet stagnation temperature

stagnation temperature at a point in the flow field

Theta is a measure of the temperature suppression in the flow field compared

to the maximum possible suppression. The value of theta can vary from one,

when measured temperature equals the jet temperature, to zero, when the

measured temperature equals the mainstream temperature.

If complete mixing of jet and mainstream flows occurs,

the value of theta will be constant and Tx,y,z will be everywhere equal to

the ideal equilibrium temperature between jet and mainstream; thus,

Too - T EB (2)
T °O - T

J

where: -_I =

TEB =

ideal equilibrium theta

stagnation temperature resulting from complete
thermal energy exchange

The average value of theta, _ave' is defined as,

_ave

T _ - T
x, ave

T °o - T
J

(3)

where: _'ave :
T =

x,ave

average value of theta

arithmetic average of temperatures measured
in a plane at distance X from the injection
plane
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III Technical Discussion (cont.)

. Nondimensional Pre_;sure

The nondimensional Dressure difference in the flow field

downstream of jet injection, Cp, is defned as

p - p

Cp = x,y,z = (4)
x,y,z _ - P

'J

where:
Cp =

x,y,z

Px,y,z --

P =

Pj =

nondimensienal pressure difference

stagnation pressure at a point in the flow field

primary fl,vc stagnation pressure

jet stagnation pressure

If the primary, jet, and downstream static pressures are equal, then Cp is the
mornentum flux difference ratio:

-_- (pV2) x'Y'Z - (P V2)" (5)

Cp (pV2) _ (pV2)_
x,y,z J

where: V = velocity

p = density

pV2 = momentum flux

4_ Momentum Flux Ratio

The jet to mainstream momentum flux ratio, J,

= Vj2/ V2J pj P._

where: J

pj =

Poo --

Vj =

Voo

momentum flux ratio

jet static density

mainstream static density

jet velocity at the vena contracta

mainstream velocity
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III Technical Discussion (cont.)

is the most important operating variable influencing jet penetration and

mixing. It is the best measure of the ability of the jet flow to penetrate

the mainstream flow field.

5. Mixing Parameters

a. Temperature Distribution Efficiency (Percent

Energy Exchange) (ET)

The purpose of injecting secondary air into the

primary combustor of gas turbine engines is to cool the combustion gases,

through energy exchange. The degree of energy exchange which has taken place

at a given station downstream of the secondary injection ports is, then, a

measure of the effectiveness of the injection technique. If the primary and

secondary flows are completely mixed the temperature profile across a com-

bustion section should be flat, neglecting thermal boundary layer effects,

and the temperatures should be equal to a temperature (TEB) resulting from

the complete exchange of thermal energy between the two streams. The thermal

energy input at the injection point is:

= " _ h° j (6)W_ h° + UsEIN

and the thermal energy out of the system at a downstream location, assuming

complete mixing and energy exchange is:

EOUT = (W_ + Ws) h°EB (7)

where in Equations 6 and 7:

E _.

IN

EOUT =

Ws =

hOj =

hO =

h0 =
EB

thermal energy into system

thermal energy out of system

secondary weight flow rate

secondary flow stagnation enthalpy

primary flow stagnation enthalpy

final stagnation enthalpy resulting from

complete thermal energy exchange

-13-



III Technical Discussion (cont.)

Assumingan adiabatic system, the energy

gained by the secondary flow should equal the energy lost by the primary
flow, or for complete energy exchange:

W h° + Ws h° : (W + W h° : WT h°_ J s) EB EB (8)

Equation (8) applies if the exit enthalpy is uniform. In the real case,

temperature and massflux gradients will exist in the exit flow, and the

energy balance is expressedas:
N

W_ h°_ + Wsh°J = _ Wi h°i (9)
i=l

The incremental massflow at any location,

Wi' be considered to have originated in the free stream, the jet, ormay
both. Thus let

Wi = (Wsi + W_ i) (lO)

where: N

Wsi : WS
i=l

and N

i=l

i_= Wi = WT

Equation (9) can now be written as:

N N

hOWsi (h°i - h°j) + W i (h°i

i=l

-14-
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III Technical Discussion (cont.)

Using Equations(8) and (II), the percent of the potential thermal energy

exchanged in the secondary stream is defined by

N

Z Wsi (h°i h°J )

Us (h°EB - h°j)i=l

x I00 (12)

and the percent of the potential thermal energy exchanged in the primary

flow is defined by:

N

Wooi (h°i - h°o-_)

_ h0i=l W (h°EB _ )

x lO0 (13)

Combining Equation (12) and (13) and weighing the secondary and primary

energy exchange by Ws/WT and W _ /WT respectively, gives

ET = _ [Wsi (h°i
i=l (h°EB

- h°j ) W _i (h°i - h°_ ) 1 I00

+ _ ho ]- h°j ) (N°EB _ ) WT

(14)

where ET is the percent energy exchanged. To simplify equation (14), the

effect of specific heat variation between the primary, secondary, and mixed

streams is assumed to be negligible. Also, the kinetic energy of the streams

is assumed to be small. Thus, Equation (14) can be written as:

NF JET = i_ l Wsi (Ti- Tj) + W ooi (Ti - T oo) lO0

"= L(TEB - Tj) (TEB - Too ) iT

(15)

The application of Equation (15) requires a

discrimination between primary flow, W _i' and secondary flow, Wsi" This was

accomplished by assuming that if the incremental temperature was less than

-15-



III Technical Discussion (cont.)

the energy balance temperature, the incremental flow was part of the secondary

if Ti_-TEB then Wsi = Wi and W _i = O. Similarly if theflow; i.e.,

incremental temperature was greater than the energy balance temperature, the

incremental flow was part of the primary flow; i.e., if Tt> TEB then W _i = Wi

and Wsi = O. While this is an implicit method for determining the flow

sources, it results in a mixing efficiency parameter which yields realistic

values when compared with the plotted temperature profiles.

b. Pattern Factor

A parameter often used to characterize the

exit temperature distribution in combustors is the pattern factor defined

as:

= Tma x - Tave

Tav e - Tj

Since the maximum temperature which can be present in the flow is T

maximum pattern factor, 6", is

a, = T - T "B"aave = ve

Tave - Tj l -+ave

, the

This parameter may be calculated for each of the tests from the average theta

results presented. For many of the conditions examined, this parameter is

small due to small cooling flow rates, even though the mixing is very incomplete.

E. TEST RESULTS

Results from the multiple jet study are discussed in the

following paragraphs. Comparisons of the two mixing parameters, the energy

exchange efficiency and the pattern factor, are presented along with summaries

of test run conditions and mixing data. A discussion of the influence of test

operating and design parameters on jet penetration and mixing concludes the

section.
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III Technical Discussion (cont.)

I. Comparisons of Mixing Parameters

A comparison of the two mixing parameters, ET and 6*;

can best be made by relating the parameters to the temperature distribution

plots of the test data generated in this program. Values of the mixing

parameters are shown on Table II based on data from tests with orifice plates

1/04/12" and 1/02/06, respectively. These conditions were chosen since they

represent the range of conditions investigated; namely (I) small holes with

a small momentum ratio, and (2) large holes with a large momentum ratio. A

comparison of the mixing parameter values from Table II with the corresponding

temperature distribution plots of Figure 8 indicates that the energy exchange

parameter, ET, better characterizes the effectiveness of the secondary

injection at each measurement plane. The values of ET were plotted as a

function of X/D at several momentum ratios for each orifice plate. Each plot

represents the data from an individual orifice plate and appears to be

of the form

ET = a (X/D) n

where a and n are a function of J. Ultimately, it appears that an empirical

equation for ET as a function of J, (X/D), (H/D), and (S/D) or (S/H) could

be derived which would express mixing efficiency as a function of the signi-

ficant operating and design variables.

, Test Data Summaries

The Multiple Jet Study test program was divided into

three phases. Phase I was the initial orifice plate test series (27 tests on

one orifice plate); Phase II was the preselected orifice plate test series

(58 tests on I0 orifice plate configurations); and Phase III was the final

orifice plate test series (20 tests on 5 configurations.} The primary objective

*Orifice plate configuration code:

First number = orifice aspect ratio
Second number = orifice spacing, S/D
Third number = duct height to orifice diameter ratio, H/D
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III Technical Discussion (cont.)

of the Phase I tests was to determine the influence of certain operating

conditions on jet mixing and penetration. The operating variables surveyed

during the initial orifice plate test series were:

(i)

(2)

(3)

(4)

(5)

Jet to mainstream momentum flux ratio, J

Momentum flux level

Jet to mainstream density ratio

Turbulence level

Orifice inlet (cross velocity) conditions

With the exception of the momentum flux ratio the influence of these operating

parameters were found to be negligible. The Phase II testing included a further

survey of the effect of jet to mainstream density ratio but did not include a

survey over a range of the other non-sensitive variables. Tests at other than

the nominal density ratio of 2.0 were deleted from the Phase Ill testing.

Be Phase I Tests - Initial Orifice Plate Test Series

All initial orifice Dlate series tests were

conducted using orifice plate 1/02/16. The data from these tests, plus data

from tests of plates 2/02/16 and 4/02/16, are summarized on Table III. These

configurations had the smallest holes and the smallest orifice spacings tested.

The data presented on Table Ill consists of test

number, orifice plate configuration data, run conditions (mainstream Mach no.,

momentum flux ratio, density ratio, velocity ratio, flow ratio, turbulence

grid and baffle configuration, and momentum flux level) and jet/mainstream

mixing data. For the initial orifice plate test series, the mixing data pre-

sented consists of the ideal theta values and the average theta values at X/H

stations of .125, .250, .5 and l.O. Except for tests 22, 24, and 28 the

energy exchange efficiency, ET values, were not calculated during the initial

test series. (ET values calculated for tests 22, 24, 26 and 77, 78, 79 and 82

are shown on Figures 21 and 15 respectively).
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III Technical Discussion (cont.)

A comparison of the average values of theta

at each of the four X/H planes shows that the average theta values are

higher than the ideal theta values. This result is expected since_-av e is

an arithmetic average, and, as can be been from the pressure data shown

in Figure 9, the mass flux distribution is not uniform. Since high local

theta values often occur with low velocities near the injection wall, the

average theta values are larger than the ideal theta values.

For low momentum ratios, the rather constant

average theta values indicate that mixing does not increase appreciably

with downstream distance. However, for high momentum ratios, the average

theta increases with downstream distance. This occurs since for these cases

the jet penetration increases with downstream distance, and thus higher than

average theta values occur with lower than average velocities over an in-

creasing percentage of the duct as distance increases.

b. Phase II Tests - Preselected Orifice Plate Design

Phase II tests were conducted with the remaining

ten predrilled orifice plates. Summarized test data for these tests are shown

in Table IV. For the majority of these tests the energy exchange parameter,

ET_as calculated. The general trend of this data shows increasing energy

exchange with increasing momentum flux ratio, orifice size and orifice spacing.

Test data for orifice plate 1/03/16 was invalid due to anomalous thermocouple

readings. Therefore, theta values and ET values were not tabulated for that

test series.

c. Phase III Tests - Final Orifice Plate Designs

Based on the mixing and temperature profile

data generated during the initial orifice plate test series and during the

preselected orifice plate test series, five design selections were made for

the orifice plate configurations to be tested during Phase III. Four of these

plates have the same open area as plate 1/02/08. The following is a brief

summary of the basis for the designs.
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III Technical Discussion (cont.)

(1) Plate Configuration 1/04/04

Plate 1/04/04 contains the combination

of the largest diameter orifice, 2.54 cm (l.O0 in), and widest orifice spacing,

I0.2 cm (4.00 in), designed for the Multiple Jet Study. The design was selected

as a limit study based on observations from previous Multiple Jet test data

that penetration tends to increase with increasing orifice diameter and orifice

spacing. The area of this plate is equal to that of 1/02/08.

(2) Plate Configuration 1/02/04

Plate 1/02/04 has the same orifice diameter

as plate 1/04/04, but has I/2 the orifice spacing and hence twice the orifice

area. The orifice spacing of plate 1/02/04 is identical with the spacing on

predrilled plate 1/04/08 and thus provided data for the assessment of the

relative importance of S/D compared to S/H.

(3) Plate Configuration 1/03/06n

Plate 1/03/06n (n designates a nominal

orifice diameter, D= 1.8 cm (.707 in)) has the same spacing, S, as plate

1/02/04, however the reduced orifice diameter results in an orifice area that

is identical to the orifice area of plates 1/04/08d, 1/03/06m, 1/04/04 and

1/02/08.

(4) Plate Configuration 1/04/08d

Plate 1/04/08d (d designates a double orifice

row) was chosen in order to investigate the effect on jet penetration of closely

spaced multiple orifice rows. The data from tests of this plate will be com-

pared with the data from plate 1/04/08 which previously was tested.

(5) Plate Configuration 1/03/06m

Plate 1/03/06m (m designates mixed orifice
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III Technical Discussion (cont.)

size) was designed in order to determine if alternating large widely space

orifices with smaller orifices between them will provide a combination of

high jet penetration from the large jets coupled with good back filling and

lateral spreading from the small jets.

The test data from the final orifice plate

test series are summarized in Table V.

. Influence of Operatin 9 and Design Parameters on Jet
Penetration and Mixing

The influence of the operating parameters, momentum

flux ratio, absolute momentum flux level, density ratio, turbulence

level, and orifice inlet conditions are discussed in the following paragraphs.

With the exception of the orifice inlet condition, these parameters are de-

fined independently from jet/mainstream mixing considerations. The momentum

flux ratio, density ratio, and flow ratio are dependent on the combustor

design criteria. Thus for a given combustor, the secondary admission design

parameters which may be varied to influence mainstream/jet mixing are the

secondary orifice diameter, spacing, and shape. However, since the flow con-

ditions for a given combustor determine the required orifice open area, the

orifice size and spacing must be correctly coupled. The results of this study

presented in the following paragraph_ are based on experimental observations.

No tasks to model the jet penetration and mixing processes were within the

scope of this program.

a. Operating Parameters

(I) Momentum Flux Ratio

The jet to mainstream momentum flux

ratio ( pj Vj2/p_ V_) is the single most important operating parameter

influencing secondary jet penetration and mixing. The influence of momentum

flux ratio on jet/mainstream interaction can be illustrated by the dimensionless
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III Technical Discussion (cont.)

temperature profile data presented on Figure I0 and the energy exchangedata

of Figure II. The data presented in Figure I0 are from tests of orifice plate
1/04/08 at a nominal density ratio of 2.0 and momentumratios of 61.9 and
6.3. The temperature data are shownat four axial stations: 0.25, 0.50, 1.0

and 2.0 duct heights downstreamfrom the plane of injection. The better pene-
tration of the high momentumjet into the primary flow field is evident.

A Gaussiantype vertical distribution
of the temperature parameter about its maximumvalue is evident at the first

measuring plane. The temperature centerline at the first station for the
J = 61.9 case is at a penetration depth, Y/H, of approximately 0.6, while
for the J = 6.3 case, the temperature centerline is at a Y/H of approximately

0.25. The energy exchangeefficiencies, ET, for J = 61.9 and J = 6.3 are 66%
and 45%respectively, at X/H = 0.25 (Figure II). The temperature profile data

at the X/H = 0.5 plane showsthe jet penetration depth has not increased sig-

nificantly for either the J = 61.9 case or the J = 6.3 case. However, the
amountof mixing has increased by 13%, from 66%to 79%, for J = 61.9, while
the percent mixing has increased only 5%,from 45%to 50%,for J = 6.2. At

the higher momentum,Figure I0 showsthat the entire primary flow field
has been influenced by the secondary injection at X/H = 0.5, while with the
lower jet momentum,over two-thirds of the primary flow field is still unaffected
by the secondary injection. The data of Figure I0 indicate that, for both

the low and high momentumflux ratios, temperature centerline penetration depth
does not increase significantly with increasing X/H beyondX/H = 0.25 (X/D = 2).

However,a flattening of the vertical temperature profile occurs with increasing
X/H for both momentumflux ratios. Apparently the criterion for effective jet/

mainstreammixing is jet penetration to approximately I/2 the duct height

within approximately two jet diameters downstream,and the establishing of a
symmetrical vertical temperature distribution profile at this point. If these
conditions are met, then the spreading of the temperature profile, which is
noted on all tests, will result in the flattened temperature distribution at
downstreamstations. Also, the data of Figure I0 indicates that if a flat

temperature profile is desired, over penetration of the jets into the main-

stream is preferable to under penetration_

-22-



III Technical Discussion (cont.)

Similar trends can be inferred from the
i_ which are shownin Figure 12 for the sametests

contour plots of 1 - _:v------_
and conditions shownin Figure I0. Theseplots showthe differences in
temperature gradients within the jets and difference in jet boundaries for
th high and low momentum flux ratios.

(2) Absolute Momentum Level

The absolute momentum flux level does

not significantly influence jet penetration or jet/mainstream mixing over

the range tested. The similarity of the temperature difference ratio,4_-,

profiles at X/H = 0.25 and 1.0 for mainstream velocities of 25 and 50 m/sec

at J = 6.1 and at mainstream velocities of 16 and 23 m/sec at J = 58 for

orifice plate 1/02/16 can be seen from the data presented in Figure 13.

(3) Density Ratio

The jet to mainstream density ratio does

not appear to influence jet penetration or mixing significantly over a range

from 1.6 to 2.6, except for the density ratio contribution to the momentum

flux ratio. The similarity of the dimensionless temperature profile curves

for density ratios of 1.6, 2.1 and 2.6 is shown in Figure 14. The data in

Figure 14 were from orifice plate 1/02/08 at a nominal momentum flux ratio

of 25. Profiles are shown at axial stations corresponding to 0.50,

1.0 and 2.0 duct heights downstream from the injection plane. The energy

exchange efficiency data shown in Figures II, 15, 16 and 17 also indicate

that momentum flux ratio, rather than an independent density ratio, is the most

significant operating variable controlling jet/mainstream mixing.

(4) Turbulence Level (Use of Turbulence
Generating Grids)

Although no direct measurements of flow

field turbulence intensity were made, a comparison has been made of the effect
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III Technical Discussion (cont.)

on jet penetration and mixing resulting from use of turbulence generating

grids. Two grid designs were used: 0.795 cm (0.313 in) diameter rods with

2.54 cm (l.O in) spacing and 0.41 cm (0.162 in) diameter rods with 1.27 cm

(0.5 in.) spacing. Both grids were mounted I0.4 cm (4 in) upstream of the jet

injection plane. The highest level of turbulence would be expected with the

larger grid cross rods. The use of this turbulence generating grid tends to

reduce the maximum value of_slightly, compared to tests without the grid,

but the jet penetration depth was not altered significantly. A comparison

of_values with and without turbulence grids can be made by inspection of

Figure 18.

b. Design Parameters

The difference in temperature distribution

obtained by varying orifice diameter and spacing so as to maintain a constant

orifice area are shown in Figure 19. Temperature profile data at X/H = l

for momentum ratios of 6 and 60 are shown for plates 1/02/08, 1/03/06n and

1/04/04 which all have jet area to cross-stream area ratios of 0.049. The

lack of similarity in the profiles is evident, indicating that for a given

operating condition considerable variations in the downstream temperature

distributions can be effected by changes in orifice diameter and spacing.

(i) Effect of Varying Orifice Diameter
at Constant S/D

For a constant S/D and constant momentum

flux ratio, secondary jet penetration into the mainstream at any given down-

stream distance, X/H, increases with increasing orifice diameter. This trend

is evident from an examination of Figure 20 which shows the dimensionless

temperature profiles at a station one duct height downstream of the injection

plane for tests with nominal momentum flux ratios of 14 and 25 and a nominal

temperature ratio of 2. The data are presented for orifice plate configura-

tions with S/D = 2, and with duct height to orifice diameter ratios of 16, 12,

8, 6 and 4, moving left to right across the figure at each momentum flux level.

The date of Figure 20 ape presented at a constant distance downstream of the
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injection plane of X/H = I. If the data had been presented at equivalent

downstream distance to orifice diameter ratios, X/D, the better penetration

of the large orifices would be even more significant.

The effect of orifice diameter on jet/

mainstream energy exchange, ET, at several momentum flux ratios and downstream

distances can best be illustrated by the ET data of Figures 21, 22, 16, 23

and 24. The data on these figures are for duct height to diameter ratios of

16, 12, 8, 6 and 4, respectively, all with an S/D of 2. These data show

the increase in efficiency as orifice diameter increases. Also the data from

these figures indicate that the exponential nature of the ET versus X/D

relationship is valid exceptwith large orifices at high momentum flux ratios.

For large orifices and high momentum flux ratios, overpenetration of the jets

occurs and causes this deviation from a constant exponential dependency of

ET on X/D.

(2) Effect of Varying Orifice Diameter
at Constant S/H

If the ratio of orifice spacing to duct

height, S/H, and the momentum and density ratios are held constant, the result

of increasing orifice diameter is to increase the orifice area and hence in-

crease the jet to mainstream flow ratio. Temperature profiles at X/H = 1

for orifice plates 1/04/08 and 1/03/06n (S/H = .5) for momentum ratios from

6 to 60 are shown in Figure 25. The similarity of the temperature distribu-

tion for the two plates is evident. The result of increasing orifice diameter

at constant S/H is to shift the temperature distribution to higher theta

values consistent with the larger cooling air flow without altering the shape

of the distributions. The similarity of the energy exchange coefficients for

the two configurations can be seen from the data presented in Figures II and

26.

This is perhaps the most significant result

of present investigation since it suggests that for a given momentum ratio

there exists an optimum value of S/Ho Thus the orifice size can then be selected

to provide the desired jet to mainstream mass flow split.
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FromFigures 27 and 28 it appears that the

optimumvalue of S/H for momentumflux ratios near 60 is 0.5, while for
lower momentumflux ratios S/H must be increased to maintain optimumjet

penetration.

(3) Effect of Varying Spacing at Constant
Orifice Diameter

For a given jet diameter and momentumratio,

mixing tends to increase with increased orifice spacing over the range tested.
An increase in spacing at constant orifice diameter causes S/D and S/H to
increase. The limiting cases appear to be the rapid formation of a two-

dimensional air curtain which inhibits mixing at small S/D, and the formation
of lateral non-uniformities at large S/D. The data of Figure 27 showdimen-

sionless temperature profiles at X/H = 0.25 and 1.0 for plates with H/D= 8
at a nominal momentumratio of 60. S/D values for these tests increase from

2 to 6 from left to right, corresponding to increasing S/H from .25 to .75.
The penetration of the jet temperature centerline increases slightly with
increasing spacing at X/H = 0.25, howeverthe major effect of increased spacing

is the shapeof temperature profiles at downstreamstations. For small spacings
the jets mergerapidly forming a two-dimensional blockage with the result that
cooling is never achieved in the vicinity of the opposite wall. For larger

spacings however, penetration continues to increase with downstreamdistance.
Both lateral and transverse mixing occur with relatively uniform temperature
distributions achieved at the downstreamlocations.

The data of Figure 28 for S/D's of 2, 3,
4 and 6 at momentumratios of 6 and 26 showa very uniform lateral temperature
distribution for small S/D. In addition, at small S/D a temperature "plateau"

is seen from the top of the duct to a penetration point where the values of_

begin to decrease. As S/D is increased, a moredefinite maximum_point is
observed and the "plateau" effect is diminished. Referring to the data of

Figure 27, at X/H = 0.25, the large orifice spacings, while producing nonuniform

lateral temperature distributions, do result in both vertical and lateral
symmetryof the temperature profiles. By the X/H = 1 station, however, lateral
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spreading of the jets has taken place and results in a uniform lateral
temperature profile. Also, at large S/D, the symmetrical Gaussian type
vertical distribution of temperature has decayed in a symmetrical manner

to yield a fairly uniform vertical temperature distribution.

The decay of the unsymmetrical vertical

distribution of the closely spacedjets results in a nonuniform vertical

temperature profile at the downstreamlocation. In addition to the temp-
-rature profile data presented in Figures 27 and 28, the energy exchange
efficiency data of Figures 16, 29, II and 30 from orifice plates 1/02/08,
1/03/08, 1/04/08 and 1/06/08, respectively, showa trend of increasing mixing

efficiency with increasing S/D. Thesedata also indicate that the optimum
value of S/D is dependenton the momentumflux ratio. Mixing efficiency data

for plates 1/02/12 and 1/04/12 (S/D's = 2 and 4, respectively; H/D = 12)
presented in Figures 22 and 17 also showan increase in mixing with increased

SID.

(4) Orifice Shape

Slotted orifices with aspect ratios of 2 and

4 with the major axis of the slots parallel to the mainstream flow appear to

offer no significant change in jet penetration or mixing compared to circular

orifices with the same area and orifice spacing. The data of Figure 31 show

typical temperature profiles at X/H = 1.0 and temperature contours at X/H =

0.125 for the circular and aspect ratio 2 and 4 configurations at a nominal

momentum ratio of 25. The insignificant effect of aspect ratio on penetration

is contradictory to the finding of Reference 7. A curious feature of the

data is the inflection point in the temperature profiles for the slotted orifices

along the top wall of the test duct. Examination of the temperature contour

plots at X/H = 0.125 may indicate the reason for the inflection point and low

temperatures along the top duct wall (Figure 31). The temperature contours

for the circular orifice show the eliptical shape of two distinct jets. The

contour plots for the aspect ratio 2 and aspect ratio 4 configurations indicate

a nearly uniform lateral temperature distribution. The contour plots perhaps
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indicate that the jet major cross-section axis has turned 90° (major axis

perpendicular to the mainstream flow) and the jet has been deflected nearly

parallel to the mainstream.

(5) Injection Orifice Cross Flow (Use of Baffles)

The effect of a cross flow component on the

upstream side of the secondary injection orifice was evaluated using baffles

in the secondary plenum for several tests on orifice plate 1/02/16. The

ratio of orifice cross flow to orifice axial velocity at the maximum cross

flow condition was 0.13. At this condition, no significant change was noted

in either the orifice discharge coefficient or the_profiles, compared to

the no cross flow case.

(6) Double Orifice Rows

During the final orifice plate test

series, one double row orifice plate, plate 1/04/08d, was tested. Tempera-

ture profile data for this plate is shown at X/H = l and nominal momentum

flux ratios of 6 and 60 (Figure 32). Also shown in Figure 32 are profile

data for the following comparable configurations:

(a) Plate 1/04/08 - A single row plate

of the same diameter and lateral spacing as 1/04/08d but with one-half the

total flow area.

(b) Plate 1/04/04 - A single row plate

of the same total flow area and S/D as plate 1/04/08d but with fewer orifices

of larger diameter.

(c) Plate 1/03/06n - A single row plate

of the same total orifice area and S/H as plate 1/04/08d but with fewer

orifices of larger diameter.
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For orifice plate 1/04/08d two

rows of 1.27 cm (0.5 in.) orifices were spaced two orifice diameters apart

in the streamwise direction and the X = 0 point was taken as the plane

through the center of the orifices in the upstream row. Comparison of the

data for plate 1/04/08d with the data presented for plate 1/04/08 shows

a significant increase in jet penetration with the double row configuration

at both the low and the high momentum flux ratios. At the high momentum flux

ratios the jets from plate 1/04/08d have overpenetrated and the temperature

distribution is not as uniform as for plate 1/04/08. For X/D less than 8,

the mixing efficiencies for 1/04/08d (Figure 33) are less than for 1/04/08

(Figure II). However the increase in ET with distance is greater for the

double row than for the single row, thus for X/D greater than 8 the mixing

efficiency for plate 1/04/08d is greater than for 1/04/08.

A comparison of the data from plate

1/04/08d with data from plate 1/04/04 shows the temperature profile of the

former to be more uniform than the profile from plate 1/04/04. The large

orifices of plate 1/04/04 provide much better penetration than does the

double row of smaller orifices but at the expense of increased lateral non-

uniformity and more severe overpenetration at high momentum ratios.

When the data from plate 1/04/08d are

compared with data from plate 1/03/06n, the latter configuration appears

to yield a more uniform lateral temperature profile and slightly better

penetration at the low momentum flux ratios. At the high momentum flux ratio,

the two plates yield very similar temperature profiles.

(7) Single Row of Mixed Orifice Size

In addition to the double orifice row

plate tested during the final orifice plate test series, a single orifice row

plate with mixed orifice sizes was also tested. Temperature profile data

from tests of this plate, plate 1/03/06m, are shown in Figure 34 at nominal

momentum flux ratios ofl4and 60 at an X/H of 1.0. The orifice configuration

used on plate 1/03/06m was a single row of orifices with alternating diameters
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of 2.39 cm (0.94 in.) and 0.838 cm (0.33 in.) with adjacent holes spaced

5.08 cm (2 in.) apart. The profile data were taken from the center of a

small orifice to the center of a small orifice across two large orifices.

In addition to the data from plate 1/03/06m, temperature profile data are

presented in Figure 34 for two comparable configurations: (1) plate 1/03/06n,

which has the same total flow area and S/H (S/H = .5) as plate 1/03/06m but

with a single row of 1.78 cm (0.7 in.) diameter orifices, and (2) plate

1/04/04, which has the same total flow area as plate 1/03/06m but which

has an S/H of l.O and orifice diameters of 2.54 cm (l.O in.). Plates 1/03/06n

and 1/04/04 provide the limiting cases for the mixed size geometry. That is,

if the hole sizes in 1/03/06m were to approach equality, plate 1/03/06n would

be the result. At the other limit, plate 1/04/04 would be formed if the

small holes in 1/03/06m were made infinitely small with the orifice area

held constant.

The data presented in Figure 34 indicate

that alternating orifice sizes in a single row increases jet penetration

compared to a row of constant diameter orifices of the same total area and

hole spacing. This increased penetration is from the jets issuing from the

large orifices_ as expected the jets from the small orifices do not penetrate

far into the mainstream. The mixed orifice size configuration 1/03/06m,

causes a more nonuniform lateral temperature profile than does configuration

1/03/06n. The energy exchange efficiency data presented in Figures 26 and 35

for the constant orifice size plate and the mixed orifice size plate, res-

pectively, show energy exchange efficiency for the mixed orifice size con-

figuration to be less dependent on momentum flux ratio than is a constant

orifice size configuration. (For the mixed orifice size plate the larger

of the two orifice diameters was selected as the base for the X/D parameter)

The temperature profiles for the mixed

orifice size plate may also be compared to those from the other limiting case,

1/04/04. This comparison shows that the two configurations have similar

lateral temperature profiles but that the constant orifice diameter plate

penetrates further at the low momentum. This greater penetration is most
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likely due to the larger orifice diameters of plate 1/04/04. At high momentum

flux ratio, the two configurations yield similar temperature profiles. The

mixing efficiency data from plate 1/04/04 (Figure 36) when compared to the

data from plate 1/03/06m (Figure 35) show the two plates to yield similar

mixing efficiencies at equal momentum flux ratios at X/D's greater than 4.

The mixed orifice size configuration shows less dependence of ET or X/D.

. Comparison of Multiple Jet Study Data Trends with
Single Jet Data

a. Temperature Centerline

A comparison of the equation for the

temperature centerline location for a single jet, based on the analysis of

Reference 8, with multiple jet data is shown in Figure 37. The analysis of

Reference 8 was for hot jets entering a cold mainstream while the current

data is for cold jets entering a hot mainstream. The multiple jet data pre-

sented on the figure are from orifice plates 1/02/16 and 1/06/08. These

two configurations represent the most closely spaced orifice pattern tested

and the most widely spaced pattern tested (based on S/D), respectively. The

multiple jet data for both configurations show less increase in penetration

distance with increasing downstream distance than would be predicted based on

the single jet analysis. Furthermore, the multiple jet data indicate that,

beyond an X/D of approximately I0, there is no increase in jet temperature

centerline penetration. This data comparison indicates that the exponents

on both the X/D and J terms of the correlating equation for single jets used

in Reference 8 are different for multiple jet injection. Therefore, the

single jet correlation should not be used to predict temperature centerline

trajectories of multiple jet configurations.

b. Velocity Centerline

A comparison of the velocity centerline

equation from the analysis of Reference 8 with the multiple jet data from

plates I/0_16 and 1/06/08 is presented in Figure 38. These data show closer

agreement between the single and multiple jet data than did the temperature
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centerline data presented previously. An adjustment of the exponents used

for X/D and J for the single jet data correlation and incorporation of a

geometric parameter such as S/D or S/H should yield a reasonable multiple

jet correlation equation for velocity centerline. The penetration of the

velocity centerline apparently does not reach a maximum within ten X/D's

downstream from the injection point as did the temperature centerline.
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IV CONCLUSIONS

A° MIXING PARAMETERS

I. An energy exchange parameter defined during this

program adequately characterizes the mixing effectiveness over a range of

test operating and design conditions.

2. An empirical correlation equation as a function

of dimensionless geometric and operating parameters could be developed

from the data obtained during the Multiple Jet Study program.

Be OPERATING PARAMETERS

I. The jet to mainstream momentum flux ratio is the single

most important operating variable influencing jet penetration and mixing.

2. The absolute momentum flux level does not influence jet

penetration or mixing significantly.

3. The jet to mainstream density ratio does not appear

to influence jet penetration or mixing significantly, except through its

contribution to the momentum flux ratio.

4. The effect of turbulence level on jet penetration

and mixing was insignificant within the range of turbulence examined.

B. DESIGN PARAMETERS

I. At a given momentum flux ratio and at a fixed

distance from the injection plane, jet penetration and mixing increases with

increasing orifice diameter.

2. The spacing between orifices has a significant

effect on lateral spreading of the jets, jet penetration, and jet mixing.

Closely spaced orifices (spacing to diameter ratio, S/D, of 2) inhibit jet

penetration and cause nonuniform downstream temperature profiles.
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IV Conclusions (cont.)

3. If the ratio of center-to-center orifice spacing to
duct height and the momentumflux ratio are held constant,and orifice dia-
meter varied,the resultant temperature profiles are similar in shape but off-

set from one another by the differences in ideal-@-. This suggests that for a
given momentumflux ratio there exists an S/H such that nearly uniform temp-
erature distributions are achieved. The hole size maythen be chosen basedon
the desired jet massflow rate.

4. Slotted orifices (aspect ratios of 2 and 4, major
axis in the direction of primary flow) appear to produce no significant
change in jet penetration or mixing comparedto circular orifices of equal
area.

5. Whenbaffles were used to channel the secondary
injection flow and create a cross flow component,no significant effect on

jet penetration or mixing wasobserved.

6. Double orifice rows spaced two orifice diameters
apart and having twice the total jet flow area of a single row result in better
penetration than a single orifice row of the samediameter. Double orifice

rows provide more uniform mixing than a single row of the sametotal flow
area and sameS/D; however, jet penetration into the mainstream is greater
with the single row of large orifices. Whenthe double orifice row is

comparedto a single row of equal flow area and S/H, the single row data
appear to yield a more uniform lateral temperature profile and slightly better

penetration.

7. Alternating orifice sizes in a single row increases
jet penetration whencomparedwith a row of constant diameter orifices of
the sameflow area and spacing. However,mixed orifice sizes maycause non-

uniform lateral temperature distributions. If the mixed orifice size data are

comparedto date from a row of constant diameter orifices of the sameflow
area but twice the orifice spacing, the jet penetration with the constant dia-
meter orifice plate is better than the jet penetration from the large orifices

of the mixed diameter configuration.
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APPENDIXA

SYMBOLS

A

a

Cp

CD

D

d

E.
In

Eout

ET

g

H

h o

i

d

m

N

n

P

S

T

V

W

X

Y

flow area

a constant

pressure coefficient,
P P

O

orifice discharge coefficient

orifice diameter

double orifice row

energy into system

energy leaving system

mixing efficiency, (See Equation 15)

gravitational constant

duct height

stagnation enthalpy

index

momentum flux ratio ( pV2)j/( oV2)

mixed orifice size

number of orifices

nominal

Stagnation pressure

orifice spacing

temperature

velocity

weight flow rate

x direction, parallel to duct axis

y direction, parallel to orifice centerline
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Symbols (cont.)

z direction, normal to duct axis

Subscripts

J

i

ave

EB

S

jet property

ideal

average

energy balance

secondary

Greek

e

QO

6

temperature difference ratio,

free-stream condition

pattern factor, 8ave

l - eave

T

OO

T -

T
xyz
Tj
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APPENDIX B

A. DETAILED TEST FACILITY DESCRIPTION

The principal test apparatus consists of an air supply system, hydrogen-fired

vitiated air heater for the primary flow, primary air plenum, main air duct (test section),

secondary air plenum, orifice plates (16), pressure and temperature rake

with traversing system, and the instrumentation and data acquisition system. A schematic

illustration of the test facility was shown in Figure 1, and a photograph showing the overall

facility setup before thermal insulation was applied was shown in Figure 2. The facility

was designed to minimize the effects of thermal expansion of the test duct on measurement

precision. Also, the facility was designed and calibration tested to produce a uniform

velocity and temperature profile (with + 2%) 5.08 cm (2.0 in. ) upstream of the secondary

injection plane.

1. Air Supply System

Air is supplied to the mainstream plenum and secondary jet plenum from a

blowdown air system which consists of a 75 HP compressor which continuously pumps a

1000 cu ft storage tank to a maximum pressure of 600 psig (air storage capacity of approxi-

mately 3000 Ibm). The air is filtered and dried to remove dust, oil and moisture. A

tempering heat exchanger on the tank outlet warms the air to compensate for real gas

effects in order to maintain a constant temperature Air fl_w rate to the mainstream duct

and the secondary plenum is controlled by individual remotely operated regulator valves

upstream of individual ASME long-radius metering nozzles. Total system steady-state

flow rate capability as a function of test duration is shown by the curve of Figure 39.

2. Air Heating System

A hydrogen air burner is used to heat the primary air flow to the required

temperatures of 450 ° K (810_ R), 600 ° K (1080 ° R), and 750 _ K (1350 _ R). The burner has the

capability to heat 5 lbm/sec of air up to temperatures of 830 ° K. One of the operational

advantages of the air heater is the ability to provide very accurate, stable temperature

control.

The air heater system consists of an air inlet section to diffuse the air up-

stream of the multiple orifice concentric ring hydrogen injector, a combustion section,
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and a mixing section. The combustorcontainedstainless steel baffles to promote large-

scale mixing and is terminated by anabrupt contraction to further enhancemixing. The

mixing section containsa jet breaker and screens to eliminate temperature stratification
and to aid in the generationof a more uniform velocity profile in a short length. The

system is ignitedby anautomotivespark plugand provision is madefor automatic fuel
shutoff if ignition is not achievedwithin 2 secondsof fuel flow initiation. Instrumentation

is providedto monitor combustiontemperature andpressure continuously in the heater.

Temperaturewas controlled by adjustinghydrogenflay rate.

3. Main Air Plenum

The main air plenum consists of a 60.7 cm (24 in. ) diameter, 92 cm (36 in. )

long circular cylinder of. 157 (. 062 in. ) wall thickness with o 315 cm (. 125 in. ) fiat end

plates, all of 304 stainless steel. The upstream end plate is bolted to the cylinder to

allow access. Screens are employed in the cylinder to ensure a uniform flow profile.

The cylinder has thermocouples on the exterior surface in order to monitor transient

thermal response.

In order to reduce the heat losses to the plenum walls, . 005 cm (0. 002 in.)

thick stainless steel foil is spot welded to the inside plenum wall. An air gap between

the foil and the wall was provided by first tack welding. 075 cm (0° 030 in. ) stainless

steel wire to the wall in a spiral configuration and then welding the foil to the wire.

4. Main Air Duct (Test Section)

The test section is a 10.17 cm (4.0 in. ) high by 30.48 cm (12 in. ) wide duct

88.9 cm (35.0 in. ) long and incorporates a contoured entrance section beginning at a

contraction ratio of 5.3 (with respect to duct area). A boundary layer trip is placed on

the top duct wall at the location corresponding to a minimum Reynolds number, based on

length, of 105° A trip is also located on the duct bottom wall 2.54 cm downstream of the

top wall trip; both trips are approximately 0.25 cm high (corresponding to the boundary

layer displacement thickness). The section is fabricated from. 157 cm (. 062 in. ) 304

stainless steel sheet. Wall static pressure taps are installed in the test section at

required stations on all four walls. Thermocouples are placed on the outside of the duct

walls to measure duct wall temperature.
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Portions of the test ductwalls are heatedelectrically in order to reduce

transient heat losses. The heater consisted of nichrome wire strips placed along the

outside wall of the test section and insulated electrically with asbestos mats. A photo-

graph of a portion of the test duct prior to adding the nichrome wire was shown in

Figure 3. The test duct Reynolds number as a function of primary flow velocity and

temperature is shown in Figure 40. Predicted boundary layer development within the

test duct is shown in Figure 41.

5. Secondary Air Plenum

The secondary plenum is rectangular in cross section 30.5 cm (12 in. )

by 15.2 cm (6 in. ) at the main air duct interface (maximum velocity approximately 2.4 m/

sec (8 ft/sec). The secondary plenum is bolted to the top of the test section with the

orifice plate forming the floor of the plenum. The interface between test duct, orifice

plate, and secondary plenum is sealed with asbestos-silicon gaskets and is designed so

that any leakage of primary or secondary air is to the atmospher rather than between

primary and secondary circuits. Pressure tubes extend through the downstream wall of

the plenum from the orifice plate static pressure raps to the pressure transducer. Rubber

seals are used to prevent leakage where the pressure tubes pass through the plenum wall.

A jet breaker with screens is placed at the plenum inlet to aid in producing a uniform

velocity profile. Secondary air flow is introduced to the plenum through a 5.1 cm (2 in. )

fitting (maximum velocity = 70. 2 m/sec (,230 ft/sec). Two steps on three side walls

of the plenum provide a ledge for placing baffles at heights of 2.54 cm (1. 0 in. ) and 1. 27

cm (0.5 in. ) from the plenum floor. The baffles were used on selected tests to provide

a cross velocity component in the orifice flow.

6. Orifice Plates and Turbulence Grids

The design features of the sixteen orifice plate configurations were shown

in Table L Each orifice plate has six flush static pressure taps surrounding the orifice.

Also, static taps at the x = -5.1 cm (-2 in. ) and x = 2.5 cm (1 in. ) stations are provided

in the orifice plate. The orifice plates are made from 0. 198 cm (0. 078 in. ) thick 304

stainless steel sheet and are secured between the test duct and secondary plenum bottom

flanges.
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During selectedtests, turbulence inducinggrids were inserted into the
test duct 10.2 cm (4in.) upstream of the jet injection plane. Two grid designswere used;
bothwere of stainless steel and onehad 2.54 cm (1.0 in. ) spacingwith 0o79em (5/16 in. )
diameter cross rods andthe other had 1.27 cm (0°5 in. ) spacingwith 0.411 cm (0.162in.)

diameter cross rods. The grids were securedwithin the test ductby spotwelding the

cross rods to the test ductwall.

A photographof 13predrilled orifice plates (11of thesewere subsequently

tested)and the two turbulence inducinggrids was shownin Figure 5° Oneof the orifice

plates is shownwith pressure tap instrumentation installed.

7. Rake and Traverse System

a. Rake and Probes

Twenty temperature and pressure probes are used to measure free-

stream stagnation conditions in the test duct. The probes are welded to a support bar and

are aligned in a vertical plane. The center-to-center distance between probes is 0.475 cm

(0. 187 in. ) and the probes extend to within 0.500 cm (0. 197 in. ) of the top and bottom duct

surfaces. A photograph of the probe design was shown in Figure 4.

Since the direction of the velocity vector is not known, a total pressure

tube with a fiat inlet is used to measure duct stagnation pressure. This probe configuration

has essentially 100% total pressure recovery up to flow angles of approximately + 1F.

The velocity inferred from the pressure probe measurements was assumed to be the

velocity component parallel to the duct axis. Each probe element consists of a 0. 149 cm

(0. 059 in. ) diameter full-hard stainless steel total pressure probe with a 0.107 cm

(0. 042 in.) inside diameter. The rake also incorporates a 0. 102 cm (0. 040 in. ) diameter

chromel-alumel, Inconel-sheathed thermocouple spaced about 0.22 cm (0.09 in. ) from

the total pressure element in the plane of the probes. The junction of the thermocouple

is not sheathed in order to minimize errors due to heat conduction to the junction along the

sheath. The whole assembly is resistance welded to the rake support assembly. Since

no high temperature brazing is required, the steel probe tubes retain their hardness and,

therefore, stiffness and dimensional rigidity. All materials and construction techniques

used in the probe fabrication were suitable for extended operation at 755 ° K (900 ° F) in

air.
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The rake support assembly is built of 1.27 cm (0.5 in. } diameter

tubingto provide the rigidity necessaryfor accurate location of the measuring position.
To eliminate distortion from unevenheating, the probe support is water cooledexcept

for a 15cm (6 in. } thermal isolation section.

Thethermocouplesterminate ona rigid support connectedto the aft

end of the probe, at which point heavygagethermocouplewire is connectedpermanently.
The 20pressure tubes terminate in Seanivalvetabulations, brazed into a cooledcopper

disc, at which point conventionalplastic tubingconnectionsare connected.

b. Traverse Mechanism

(1) MechanicalSystem

The pressure/temperature rake is mountedrigidly to the travers-

ing table. The table consists of a heavygageplatform which slides on 1.9 cm (0.75 in. )
diameter horizontal shafts in the direction of the main duct flow. X station stopsare

solenoiddetentswhich are controlled automatically by the datasystem. X direction power

is suppliedby a cable, pulley, andweight system. The traverse in the normal direction
is achievedby a SLO-SYNsteppingmotor linked to a pretensionedtiming chainand idler

sprocketwhich drives the probe mountingplatform. The mountingplatform is madefrom

heavygagealuminum. The rake support stand is boltedto the mountingplatform and
provision is madefor X, Y, and Z axis adjustments.

(2} Electrical System

The SLO-SYNsteppingmotor combineshigh torque which accurately

determinedangular stepsizes. The maximum steppingrate is 200steps per secondwith
a maximumtorque of 130in. oz. The motor rotation increment is 1.8° + 0.09_ (non-

cumulative}. This is convertedto the probe Z traverse by a precision sprocket-timing
chain drive which is in constantpreload to eliminate hysteresis. The gear ratio is such

that onemotor stepcorrespondsto a rake step of 0. 025cm (0.010 in. ) with an error of

+ 0.000127cm (0.0005in. ). Sincethe stepper motor error is noncumulative, the rake
canbeprecisely located in 0. 0127cm (0.005 in.) incrementsthroughoutmost of the channel

span.

For all cases of interest, the desired step size is greater than

0.0127cm, sothe stepsare madeby a series of pulsesto the motor. An electro-mechanical

-42-



pulse generator controls the location of the probeby timing the numberof pulses. The

generator consists of a perforated tape reader which scansa paper tape perforated with
a set of commandswhichyields the desired number of steps betweenZ stations. In
addition, the system provides commandsignals which provide synchronizationof the data

acquisition system with probe steprate. Finally, the system provides a signalwhich

identifies probelocation on the Z andX axes°

A separatecommandpaper tape is madefor each orifice plate

assembly° A simple computer program is usedto prepunchontoeachtape the commands
which define the measuringstation locations for eachorifice plate referenced to the center-
line of the duct. Thetapealso provides the X-traverse signal at the endof eachZ traverse.

8. Instrumentation and Data Acquisition

Test data are recorded using an analog-to-digital data acquisition system

with a sampling rate of up to 50 channels per second. Digital data are immediately

available in printed form on paper and also are recorded on incremental magnetic tape

for subsequent computer reduction, in addition, system parameters such as inlet

temperature and flow rate are displayed continusously in digital form and also recorded

on high-accuracy, adjustable-range potentiometric records for use by the experimentor

in adjusting and controlling operating conditions.

9. Flow Facility Support and System Insulation

The test duct is supported -- gidly in the plane of jet injection to assure that

the injection plane remains fixed when the system dimensions change due to thermal ex-

pansion of the material. All other pomps in the system are supported along one Y plane

only and are free to expand or contract about the plane in the X, Y, and Z directions.

All incoming air and H 2 lines are flex lines and the traverse table is fixed rigidly to the

test section at the plane of jet injection on ly. The entire hot air system is wrapped with

approximately 3 in. of fiberglass batting in order to reduce heat losses.
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APPENDIXC

i. FLOW SYSTEM CHECKOUT, CALIBRATION Am TEST PROCEDURE

1. Checkout and Calibration Tests

Prior to conducting tests of the various orifice plate configurations, system

calibration tests and checkout tests were conducted. The primary objectives of these

calibration/checkout tests were:

(a)

(b)

(c)

(d)

To verify that the hydrogen-air heater operation was free from

surges and that the temperature control was operating effectively.

To verify that adequate motor torque and rake positioning repeat-

ability could be achieved.

To verify that the duct free-stream stagnation pressure and tempera-

ture were within + 2% of the average values at a distance from the

duct walls greater than 1.27cm (0.5 in. ) at a plane 5.1 cm (2 in. )

upstream of the jet injection point.

To verify that the system flow control, traversing mechanism and

instrumentation were functioning adequately.

a. Hydrogen-Air Heater Checkout

Tests were made with the air and H 2 supply mated to the main plenum

but without the rectangular test section mated to the main plenum. The tests were con-

ducted at the three test temperatures and with the maximum, nominal, and minimum air

flow rates. Fast response pressure transducers and thermocouples were monitored

during the test to evaluate system performance. If a start surge overpressure occurred

or if ignition did not occur, test procedures were modified and the system was retested

as necessary.

b. Traverse MechanismCheckout

Prior to installing the probe traversing mechanism in the test duct,

the system was tested for station alignment precision and total traverse time. The

alignment of the probe axis is estimated to be within 2° of the test duet axis. The lateral

station positioning, Z/S, was within 1% of the desired rake locations and the total time

to complete one traverse was approximately 90 seconds.
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Co Test Duct Stagnation Condition Evaluation and

Probe Checkout

After the main air system had been tested to ensure smooth operation,

the test duct was connected to the main plenum and tests made to determine if stagnation

pressure and temperature are constant across the test within the allowable limits (+ 2%

at distances over 1.27 cm from duct walls). Tests were conducted at nominal mainstream

flow rates at temperatures of 450 ° K (350 ° F), 600 ° K (620 ° F), and 750 ° K (890 ° F) and at

maximum flow rates at 600 ° K (620 ° F), with the secondary plenum orifice plate blanked off.

Modifications were made to the original combustor configuration (the addition of screens

and baffles) until the desired pressure and temperature profiles were achieved.

In addition to an evaluation of the duct temperature and pressure profiles,

these tests: (i) served as an evaluation of probe operation in the hot gas environment, (2)

allowed a leak check to be made of the secondary plenum with blank orifice plate, and

(3) allowed further test data instrumental!on checkout.

2. Test Procedure

The following test procedures were used for the Multiple Jet Study tests:

a. Pretest

installed.

(I)

(2)

Main air and secondary air metering nozzles were selected and

(3)

pressure tape connections made.

Tank charged to 600 psig.

Orifice plate selected and installed in secondary plenum and

(4) If secondary plenum baffle insert was used,

secondary plenum sealing surfaces tightened.

it was installed and

(5) Perforated paper control tape for the particular orifice plate was

loaded into the tape reader and locate buttons pushed.

(6) The rake was checked and manually aligned as necessary.

(7) READY button was pressed to allow the control system to position

rake to beginning of first traverse.
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(8) The digital system was readied by inputting the appropriate

run number and configuration number.

b. Start Transient

The main air supply was turned on at moderate flow rate, the igniter

energized, and a low flow rate of hydrogen ( ,_10% steady-state flow) introduced. If

ignition did not occur within approximately two seconds as indicated by a high response

thermocouple in the combustor, hydrogen flow was automatically terminated and the system

purged with main flow air for approximately 60 seconds. Hydrogen and air flow rates were

set to a more favorable ratio for ignition and the process repeated. When ignition occurred,

the air and hydrogen flow rates were brought simultaneously up to the planned values and

the hydrogen flow was trimmed to give the desired plenum test temperature. Based on

wall thermocouple readings, the system thermal steady state was reached and the test

data acquisition began.

c. Test Data Acquisition

After the facility reached steady-state operation, the rake traverse

was initiated. Except for monitoring and control of test conditions, the remainder of the

test sequence continued automatically under the control of the tape reader. The number of

stations sampled was identical for all orifices plates tested. The only variable was the Z

spacing which was varied dependent on the particular orifice spacings. In all cases, the

total Z span was equal to twice the orifice spacing. Twenty-one Z stations were sampled

at the first three axial locations and 11 Z stations were sampled at the fourth X station

and 21 Z locations were sampled at the fifth X station, for a total of 95 X, Z points. For all

plates with H/D < 16, the axial stations were at X/H = 0.25, . 5, 1.0, 1.5, and 2.0. For tests

with small orifices.(H/D = 16), an X = 1.27 cm (0, 5 in.) station was substituted for the X =20.3 cm

(8.0 in. ) station. The Z stations were symmetrically spaced about the midpoint between the two

centermost orifices.

At the beginning and the midpoint of each traverse, all channels

were scanned in order to provide run number, time, system parameters, and rake

parameter measurements. After the first complete data scan, the rake, under the con-

trol of the prepunched tapes, was traversed to the next Z station and the thermocouple

stepper and Scanivalve No. 2 were monitored to record the rake temperatures and

pressures. Approximately 4 seconds were required at each station for steady state to be

reached and data to be taken. The rake then stepped to the next Z station and the process

-46-



repeated. At the completion of dataacquisition from the last Z station, the rake, under
the control of the paper tape, was steppedback to the next X station andwas ready for the

Z traverse in the reverse direction to the first traverse.

The process of dataacquisition outlined for the first X location was

repeateduntil all X, Z points hadbeensampled, at which time the hydrogenflow to the
heater was terminated, the air flow reduced, andthe rake manually returned to the starting

position in preparation for the next test.
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APPENDIX D

A. DATA ANALYSIS PROGRAM

1. Objective

the objective of the data analysis program is to use the o._puL from the data

redaction program to calculate rest ran conditions (weight flow rates, velocities, Mach

numbers, momentum fluxes, densities, and temperature), dimensionless temperature

and pressure profiles, and correlating parameters (pattern factors, temperature deviation

ratios, and energy exchangej ET) values). The oatput from the analysis program is a

paper listing of the run conditions, correlating parameters, and temperature and pressure

values. In addition to the paper listing, the temperature and pressure profile data are

output on a magnetic drum for use as input to Lhe computer plotting routines. When the

plot program is executed, the output data are stored on magnetic tape which is then in-

put to the microfilm printer/plotter.

2. Methods of Calculation

a. Mainstream Conditions

The weight flow rate in the test duct upstream of the secondary injection

orifices is calculated from the main venturi pressure drop, flow coefficient, and temper-

ature data. The velocity in the test duct upstream of the secondary injection orifices is

calculated using the continuity equation with the gas density based on the ideal equation of

state and corrected to static conditions. The mainstream stagnation temperature is

measured directly with a thermocouple in the main air plenum. Mainstream Mach number

is calculated from the mainstream stagnation temperature and mainstream velocity. The

mainstream pressure ratios, used for static density calculations, are measured from

total pressure measurements in the main air plenum and static pressure measurements

in the test duct 5.1 cm upstream of the secondary injection plane. Momentum flux in

the mainstream is the product of the static density and the square of the mainstream

•velocity.

b. Jet Conditions

The jet weight flow rate is calculated from the secondary air venturi

pressure drop, flow coefficient, and temperature. The jet velocity is the velocity at the
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jet vena contracta and is calculated from the jet pressure ratio (measured wall static

pressure adjacent to orifice and measured secondary stagnation pressure), gas constant,

isentropic exponent, and measured secondary flow stagnation temperature. The jet static

density is calculated from the ideal equation of state and the jet pressure ratio. Momentum

flux of the jet is the product of the jet static density and the square of the vena contracta

velocity. Orifice discharge coefficients are calculated from the ratio of measured

secondary flow, divided by the number of secondary orifices, to the ideal isentropic flow

through the orifice, based on the measured pressure ratio.

c. Jet to Mainstream Conditions

The momentum flux ratio, density ratio, velocity ratio, and flow rate

ratio are the jet values of the parameter divided by the mainstream values. The

temperature ratio is the mainstream temperature divided by the jet temperature.

d. Flow Field Conditions

Dimensionless temperature difference ratios, _(free-stream temperature

minus temperature at a point divided by free-stream minus jet temperature), are calculated

for each rake temperature measurement. Also, dimensionless pressure difference ratios,

Cp (pressure measured at a point minus primary flow pressure divided by secondary

stagnation pressure minus primary stagnation pressure), are calculated for each rake

pressure measurement. The maximum values of-@ and Cp in the center plane of each

orifice are listed along with the vertical _ocation of the maximum value at each axial

measurement station.

The average values of_, Cp, and temperature are listed at each axial

station. Also, at each axial station, mixing correlation parameters are listed. These

parameters are (1) the pattern factor (the free-stream temperature minus the average

temperature at station X divided by the average temperature at X minus the jet temperature),

(2) the temperature deviation ratio (the average temperature minus the ideal mixed temper-

ature divided by the free-stream temperature minus the ideal mixed temperature), and

(3) E T (the percent of the maximum possible energy exchange between jet and free-stream).

A sample prog_:am listing is contained in Table VI.
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TABLE I

ORIFICE PLATE CONFIGURATIONS

Orifice Orifice Orifice Number

Diameter Spacing of Orifices
Configurations*

D, cm (in) S,cm (in) N

I. 1/02/06 I.69(. 67) 3.39(1.33) 9

2. 1/02/08 1.27(. 50) 2.54(i. 00) 12

3. 1/02/12 0.84(. 33) 1.69(. 67) 18

4. 1/03/08 1.27(. 50) 3.81 (1.50) 8

5. 1/02/16 0.64(.25) 1.27(.50) 24

6. 1/04/08 1.27(. 50) 5.08(2.0) 6

7. 1/03/16 0.64(. 25) 1.91(. 75) 16

8. 1/04/12 0.84(. 33) 3.39(1.33) 9

9. 1/06/08 1.27(. 50) 7.62(3.00) 4

I0. 2/02/16"* 0.64(. 25) 1.27(. 50) 24

11. 4/02/16"* 0.64(. 25) 1.27(. 50) 24

12. 1/04/04 2.54(1.00) 10.16(4.00) 3

13. 1/02/04 2.54(1.00) 5.08(2.00) 6

14. 1/04/08d 1.27(. 50) 5.08(2.0) 12

15. 1/03/06n 1.80(. 71) 5.08(2.0) 6

16. 1/03/06m *** 5.08(2.0) 6

Orifice

Spacing to
Duct Height

S/H

.333

•250

•167

.375

•125

•500

.187

.333

.150

• 125

•125

I. 000

.500

•500

•500

.500

Ratio of
Total Orifice

Area to Duet

Area, %

6.5

4.9

3.3

3.3

2.5

2.5

1.6

1.6

1.6

2.5

2.5

4.9

9.8

4.9

4.9

4,9

*** Mixed Orifice Sizes

Orifice Code

1st Number = Orifice Aspect Ratio

2nd Number = Nondimensional Orifice Spacing, S/D

3rd Number :: Nondimensional Orifice Size, It/D,

where l] is the Test Duct IJeight

Non-circular Orifices

- Small Oriliec I)iamcter : 0.84 em

Large Orifice Diameter :: 2.40 em
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III, E, Test Results (cont'd)

Test
Number

TABLE II

COMPARISONOF MULTIPLE JET STUDY
MIXINGPARAMETERS

Area Momentum Downstream
Orifice Plate Ratio, Flux Ratio, Distance,
Configuration Aor ffice/Aduct J X/H

%Energy((1)
Exchanged,

ET

Pattern{1)
Factor,

51

51
85

o0161/04/12

1/o4/12

1/02/06

1
1/02/06

6.5

6205

• 010

0 065

1
o06585 620 5

°250

.500

1o O0

2. O0

o250

o 500

1, O0

2o O0

3004

430 1

42.3

53.7

58.5

76°7

88o 9

8902

.051

.056

053

O58

406

411

408

445

(1) See pages 15 and 16 for parameter definitions

-51-
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Test

No.

1

2

3

4

5

7

8

9

10

II

]2

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

2B

29

30

31

32

33

Orifice Orifice

Plate Dia.

No. cm (in)

Orifice Orifice Orifice

S/D S/H H/D

TABLE Ill

TEST DATA SUMMARY FOR ORIFICE PLATES 1/02/]6_

1/02/16 .635 (25) 2.0 .125 16 24

4/02/16 .625 (25)

II

% Flow Main-

No. Area Stream

Orifices (Aj/A T) Mach No

2.46 .048

.048

1
!

1,
.048"

.046

.048

.048*

.048

2 ,125 16 24 2.45

i

.064*

.049

.048

.O49

.048

.032

.096

.032

.036

.031

Page l of 2

Momen. Density
Ratio Ratio

J Pj/P,,

4/02/16 and 2/02/16

Flow
Vel. Ratio
Ratio . , Ideal

Vj/V,( Wj/W< Theta

XlH

Table of Average Thetas

_125 .250 .500 1,00

_ave eave Oave _ave

6* 2.1" 1.76" .06* --

14.01 2.12 2.57 .09 .0855

25.76 2.14 3.47 .12 .llOl

57.43 2.15 5.16 .18 .1588

6.43 2.08 1.76 .06 .0572

14.59 2.12 2.62 .09 .0855

25* 2.1" 3.5* .12" --

61.20 2.1D 5.40 .18 .1588

5.88 2112 1.66 .06 .0572

14" 2.12" 2.6* .09" --

24.81 2.16 3.39 .12 .llOl

55.78 2.19 5.05 .18 .1588

6123 2,16 1.70 .06 .0572

14.33 2.18 2.57 .09 .0855

23.61 2.20 3.28 .12 .II0

52.36 2.23 4.84 .18 .1588

6,28 2.15 1.71 .06 .0572

14.31 2.17 2.57 .09 .0855

25.13 2.19 3.39 .12 .llO

55.75 2.22 5.01 .18 .1588

14" 2.12" 2.56* .09* -

23.79 2.74 2.95 ,13 .I179

5.9] 1.58 1.93 .05 -

6.03 2.65 1.51 .07 -

23.37 1.61 3.81 .lO .0945

59.12 2.20 5.18 .18 .1588

6.11 2.18 1.67 .06 .0572

5.92 2.13 1.67 .06 .0572

14.89 2.15 2.63 .09 .0855

27.45 2.18 3.55 .12 .llO]

63.37 2.20 5.36 .18 .1588

27.90 1.61 4.16 .lO .0945

26.26 2.72 3.11 .13 -1179

Test data not reducezl

.I150 .II64 -

.1355 .1441 .1597

.1887 ,2045 .2329

.I099 .0997 .0951

.I148 .I177 ,1219

Test Data not reduced

.1704 .1866 .2139

.0744 .0785 .0774

Test data not reduced

.1217 .]324 .1432

.1710 .1897 .2217

.0844 .0838 .0844

.I096 .1136 .]202

.1244 .1282 .1401

.1611 .1745 .2016

.0869 .0862 .0920

.I137 .1170 .1279

.I162 .1326 .1450

.1633 .]758 .2068

Test data not reduced

.1388 .1509 .1629

.0745 .0713 .0794

.0918 .0932 .0948

.1375 .1484 .1530

.1743 .1902 .2279

.0953 .0938 .0960

.I029 .0951 .0954

.1192 .1237 .1258

.1611 .1667 .1696

.2077 .2065 .2102

.1229 .1261 .1283

.1512 .1577 .1627

Test

Conditions

Nominal

.1323 Nominal

.1726 Nominal

.2567 Nominal

.0944 Large Dia. Grid

.1233 Large Dia. Grid

Large Dia. Grid

.2352 Large Dia. Grid

.0770 Small Dia. Grid

Small Dia. Grid

.1549 Small Dia. Grid

.2453 Small Dia. Grid

.0840 Small Height Baffle

.1239 Small Height Baffle

.1552 Small Height Baffle

.2264 Small Height Baffle

.0906 Large Height Baffle

.1302 Large Height Baffle

.1593 Large Height Baffle

.2309 Large Height Baffle

.1743 High Density Ratio

.0818 Low Density Ratio

.0968 High Density Ratio

.1680 Low Density Ratio

.2463 Low Momentum Level

.0937 High Momentum Level

.0879 Nominal

.0238 Nominal

.1737 Nominal

.2219 Nominal

.1288 Low Density Ratio

.0730 High Density Ratio



Page 2 of 2

TAttLE III (cont.)

TLST bATA SUi_ii.IARY FOR ORIFICE PLATES 1/02/16, 4/02/16 and 2/02/16

Flow Table of Average Thetas

Orifice Orifice % Flow iiain- Fiomen. Density Vel. Ratio lueal X/H .125 .250 .500 1.00

Test Plate Dia. urifice Orifice Orifice _io. Area Stream Ratio Ratio Ratio -"_<"_jl_
uo. ,io. cm (in) S/u S/H i_/D C_rifices (Aj/A T) i,lach i_o J Pj/P_ Vj/V_< Theta -Oave -Oave -(_ave -+3ave

Test

Conditions

77 2/02/16 .635 (.25) _.U .125 16 24

80

81

82

2.45 .033 6.31 2.15 1.71 .06 .0573 .0847 .0868 .0886 .0681 Ncminal

I .033 15.33 2.18 2.65 .09 .0858 .fill .1160 .1287 .1267 Nominal

.032 28.46 2.20 3.59 .15 .lllO .1361 .1436 .1521 .I608 Nominal

.032 28* 1.61" 4.1" .lO* Test data not reduced

.032* 28* 2.72* 3.1" .13" Test data not reduced

.029 29.53 2.74 3.28 .13 .1226 .1438 .1499 .1607 .1664 High Density Ratio

i

!

* Indicates nominal values



Orifice Orifice
Test Plate uia.
:io. i_o. cm L!n]_

TABLE IV

TEST DATA SUM_4ARYFOR PRLSELECTED ORIFICE PLATE TEST SEI_IES

l',]ai n-

urifice Orifice Orifice J_o. % Flow Stream

S/O S/H H/I_ Orifices Area _',ach No

_lol_;en. Density Vel. Flow Ideal X/ll
Ratio Ratio Ratio l_atio Theta

Page 1 of 2

.250 .500 1.00 2,00 .250 .500 1.00 2.00
Table of Averaae Thetas Tabl_ of ET Values

!

!

34 1/06/0_ l .21(.50)

36

37

38 J

39 1/03/16 .635(.25)

141

42

43

44

48 1/02/t2 ._,4G(.333_

147

4_

49

5O

51 1/04/12 .846(.333)

52

54

55

56

57 1/02/08 1.27 .50

59

60

83

61

6 1.750 8 4 1.64 .033

3 .187 16 16 1,64 .033

.030

2 .167 12 18 3.27 .033

.030

4 ,333 12 9 l .64 .033

.030

2.0 .250 8 12 4.9 .032

.029

7.13 2.13 1.83 .04 .0415

14.13 2.17 2.17 .06 .0571

26.36 2.19 3.47 .08 .0746

60.03 1.66 6.01 .I0 .0939

27,56 2.71 3.19 .09 .0828

6.46 2.14 1.74 .04 .0415

13.08 2.16 2.46 .06 .0567

23.53 2.20 3.27 .07 .0738

62.04 2.22 5.28 .12 .ll30

24.95 1.62 3.92 .07 .0630

25.38 2.69 3.07 .08 .0819

5.46 2.15 1.59 .08 .0753

13.80 2,19 2.51 .12 ,I124

24.47 2.21 3.31 .15 .1416

57.31 2.26 5.04 .24 .2023

28.57 1.65 4.16 .14 .1277

25.30 2.76 3.03 .17 .1542

6.48 2.13 1.75 .04 .0416

12.30 2.18 2.38 .06 .0569

23.35 2.20 3.26 .08 .0743

_0.34 2.24 5.19 .12 .I126

24.49 1.63 3.88 .07 .0631

24.7 2.73 3.01 .09 .0824

5.94 2.19 1.65 .12 .Ill2

13.80 2.22 2.49 .18 .1595

25.38 2.24 3.36 .23 .2010

25.24 1.64 3.92 .20 .1698

59.63 2.26 5.14 .36 .2782

25.43 2.78 3.02 .26 .2158

.0447 .0418 .0409 .0458

.0631 .0624 .0618 .0665

.0862 .OGO0 .0851 .0895

.0918 .0929 .0938 .1036

.0819 .0854 .0835 .0869

25.1 27.0 38,2 63.1

41.9 48.9 62.2 84.5

59.2 62.3 80.2 90.0

82.5 63.2 70.8 87.8

47.8 60.4 73.3 86.1

Invalid them_ocouple data

Invalid thermocouple data

Invalid thermocouple data

Invalid thermocouple data

Invalid thermocouple data

Invalid the_1ocouple data

Invalid thermocoupie data

.1308 .1361 .1451 .1370130.5 38.4 46.6 49.6

.1487 .1599 .1729 1715131.7 40,4 49.3 56.1

.2005 .2166 .2438 2637 44 0 52.7 64.7 72.0

.1577 .1674 .1766 17781ET Values not Comp.

.1611 .1724 .1841 .1884

.0483 .0527 .0503 .0544

.0665 .0706 .0692 .0731

.0837 .0890 .0885 .0871

.fill .I159 .1205 .1209

.0815 .0849 .0862 .0848

.0822 .0835 .0920 .0923

.1271 .1297 .1314 .129i

ET Values not Comp.

30.4 43.1 42.3 53.7

39.3 49.6 53.0 62.4

48.5 58.9 65,4 69.2

56.9 69.3 82.6 88.7

52.2 60.9 67.9 73.2

41.5 50.8 63.8 69.7

28.5 36.9 43.0 48.6

.1597 .1637 .1724 .1762 ET Values not comp.

.1880 .2006 .2130 22091ET Values not comp.

,1665 .1830 .1919 1996 32.8 48.9 58.3 68.7

.2460 .2518 .2700 3106 ET Values not comp.

.2018 .2127 .2260 2332 37.8 50.9 60.1 70.3



TABLEIV (cont.)
TEST DATA SUMMARY FOR PRESELECTED ORIFICE PLATE TEST SERIES

Page 2 of 2

I

_.n

I

Orifice Orifice Hain-
Test Plate Dia. Orifice Orifice Orifice No. % Flow Stream

_io. i_o. cm _in) S/D S/h H/_ Orifices Area Mach _io

Momen. Density Vel. Flow Ideal
Ratio Ratio Ratio Ratio Theta

62

63

64

65

66

1/03/08 1.27 (.50)

it
3.0 .375 8 8 3.27 .033

.030

5.69 2.14 1.63 .08 .0754

25.94 2.23 3.41 .15 .1421

26.71 2.76 3.11 .17

30.09 1.65 4.27 .14 .1545

67 1/04/08 1.2T (.50) 4.0 .5 8 6 Z.45 .032

84 .032

70 .037

71 .029

6.28 2.10 1.73 .06 .058

14.43 2.14 2.60 .09 .0841

26.92 2.17 3.53 .ll .I087

61.91 2.22 5.28 .17 .1576

26.84 1.62 4.07 .lO .0918

28.48 2.68 3.26 .13 .1207

72 1/02/06 1.7 (,667) 2.0 .333 6 9 6.54 .032 6.14 2.16 1.68 .16 .1440

15.21 2,20 2.63 .24 .2053

I 1 26.49 2.23 3.45 .31 .2510

62.48 2.23 5.29 .47 .3390

.036 25.81 1.59 4.03 .26 .2095

.029 27.45 2.75 3.16 .35 .2704

X/H .250 .500 1.00 2.00 250 .500 1.00 2.00

Table of Average Thetas

.0943 .0923 .0933 .0910

Test data not reduced

.1717 ,1666 .1662 .1622

.2009 .1686 .1595 .1527

.1380 .1500 .1542 .1603

.0773 .0757 .0698 .0711

.0902 .0888 .0899 .0936
i

.I186 .I173 .I176 .1200 !

.1498 .1536 .1538 .1530

.I084 .1051 .1091 .I094

.Ill5 .I172 .120! .1239

.1518 .1597 .1599 -

.1991 .2099 .2130 .2122

.2338 °2457 .2523 .2522

.2889 .2915 ,2896 .3079

.2216 .3032 ,2320 .2345

.2353 .2489 .2521 .2616

Table of ET Values

39.8 44.6 51.2 55.5

ET Values not comp.

ET Values not comp.

43.0 59.0 72.7 80.8

44.9 49.7 56.3 65.7

44.4 64.4 56.3 65.7

55.2 66.5 80.I 91.7

i6.2 78.5 87.7 91.0

:T Values not Comp.

49.1 64.3 79.0 90.7

25.4 34.7 44.4 -

34.6 47.0 60.7 70.3

41.2 56.7 71.3 81.3

58.5 76.7 88.9 89.2

39.9 - 71.5 80.9

ET Values not Comp.



I

I

IA_,E V

TEST DATA SU_L%RY FOR FINAL ORIFICE PLATE TEST SERIES

Orifice Orifice Main-

Test Plate Diameter, Orifice O$/H+rifi_e Orifice NO. of % Flow stream Moment_ Density Velocity Flow Ideal X/R _.25 .5O 1.0 2.O .28 "50ore 1.0 2.0
No. NO. l!_ S/0 _I/D Oriflces Area Math _o. Ratio _atio Ratio Ratio Th_ta lable of Average Theta Value_ Tabl ET Values

++o+4,2i4+ioo4i lioii4i i.........................................................87 _ 14.65 2.17 2.60 .18 .1602 .1816 .1473 .1507 .1491 38.9 47.7 67.6 79.2
88 27.2O 2.2O 1.52 .20 .2014 - ,1853 .1749 .1862 NA 56+5 65.5 78.2

89 63.23 2.22 5.33 .35 .2774 .8618 .2492 .2473 .2359 5O.O 58.6 65.3 83.5

2.16 1.67 .12 .ii14

2.]9 2.56 .18 1518

2.22 3.45 .23 .200_

2.25 5.16 .15 .2766

2.16 1.65 .12 .i097

2.19 2.52 +18 .1582

2.20 3.58 .23 .2011

2.25 5.21 .36 .2772

.i060 +1144 .i172 .1165 25.3 36.1 57.4 70.7

.1384 .1476 .1623 .1593 29.3 47.3 74.5 87.1

.1658 ,1786 .1912 ,1881 34.0 57.6 83.8 92.2

.2368 .2534 .2442 .2470 53.0 77.2 82.3 84.9

.i192 .i167 .1180 .1223 33.8 42.4 53.7 65.1

.1552 .1641 .1623 .1637 41.0 57.3 72.1 81.4

.1726 .]862 .179l .1910 45.6 62.6 77.8 90.4

.2511 .2511 .2425 .2413 69.2 82.7 88.5 88.3

lOO 26.57

101 61.28

+II I i I i I [ .....104 24.61

105 39.39

2.19 2.55 .18 1590 .1587 .1600 .1575 .1510 4_.8 57.8 74.9 83.7

2.]9 3.48 .23 .2oo5 .1765 .1811 .1748 .1843 _7.8 63.7 77.0 78.0

2.21 9.27 .55 .2762 .2552 .2350 .2504 .2371 64.7 64.4 69.5 77.7

2.20 1+60 .23 .1998

2.21 2.45 .35 .2759

2.22 3.33 .46 .3354

2.22 4.21 .60 .3975

.1883 .2036 .2088 .2883 27.6 28.6 51.6 60.6

.2547 .2750 .2801 .28_ 40.0 55.5 71.7 84.2

.2897 .3125 .3156 ._102 49.3 68.1 85.3 91.9

.3289 .3461 .3357 _3469 59.6 79.8 93.0 92.1

*Mixed orifice size .84 cm (.13 in.) and 2.40 cm (.943 in.)
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TEST OJTA FOR MUlTiPLE JET PROGRAM

TES__UI__ 96_,___ RUN_NUMBER._135 __Q_IFICE pLAT_E NOj__lfOW/OGn

***_**** PLAHNED_TEST_COND_.I_TIONS '_******

#IOMENTUM_RA_TJ[O_--_____32,_O0

TEMPERATURE RATIO= 2,000

MAINSTREAM VELOCITY= 50.000
_ JET VELOCI_Y_ ...... 200,000 .

MAINSTREAM TEMP = 1080,000

• r-

rrl
(./3l=

AVERAGE MAINSTHEAM FLOWRATE= .279541÷OOKG/SEC

AVERAbE S£CONDARY FLOWRATE= .655209-01KG/SEC

AV_RAG[_tlYD_OGEN FLOWRATE= ........ ___,689771-03KG/SE¢
AVERAuE MAINSTREAM TEMPATURE- b98,212BDE6 K

AVERAGE SECONDARY TEMPERATURE. 281.64370EG K

.615846+OOLBM/SEC

.14;450+OOLBM/SEC

,152069-02LBM/SEC .......

1076,7830DE6 R

506,9586DE6 R

.______J.VEP,AuF._HYDS.0GEN.A=II__RATIO=...........................0025

iC) -_ t:_ AVERAGE WATER MOLE FRACTION= .0544_ AVLRA6E MAINSTREAM GAS CONSTANT- 296,53JOUL/KG K

__._VEPJL_ST RE AM GhJ_/_; ..... 1,_3_905

rTm "- AVERAI_E ENERGY BALANCE TEMP= 534,54720EG K
0 _oa___.___DEER

, ,r_¸
.-<

,t./_
i...<

0

---I

--I

EXTENSION SECTION WALL TEMP:"

TEST IJUCT WALL TEHP_,X/H=-.75=,TOP
TE _ _T_U_U_C_T_W_AL_.L__TE_MP_Lx/H=--_. 75, S IO E

TEST IJUCT WALL TEMP,X/II--,75_bOTTOM

TE_T bUCT WALL TEMP,X/rI=O.25,IJOTTOM

TEST DU___T..__W__L TEMP _X/_=_l_,_O_O e_LLOT_T_O_M
SECONUARY PLENUM WALL TEMP_ Y/H-.25

HEATEi_ COMI_USTION TEMPERATURE

55.11FT-LBF/LBM-R

962,1851DE6 R
END

618.85 1113,89 573.75 1032,76
558.20 1004.76 568.20 1022,76

529.07 952,32 53q.9_ 962°90

535.50 963,90 554.58 998,2_

528,3795_1j06 551.72 993,10
315.55 567,9q 317,16 570,89

602.04 1083.67 602,38 108_,28



_,_=t,_=,_, MAINSTREAM CONDITIONS AT X/H--O,5 _=_t,_w=w=,

TEST NUMBER 96, RUN NUMBER 135 ORIFICE PLATE NO .... I/0_/06_

TIME

SEC
STAG
PRESS

PSIA

STATIC STAC__E=!GHT

PRESS TEMP FLOW
PSIA R LBM/SEC

NO DENSITY FLUX

LB/FT3 FT/SEC

35_,_0
_35.1n

526,30
606.b0

_ 097.90

777°90

_68,90

...... 9_8.5B

968,20

1_,6661 1W06551 1078,80 .6160÷00 .032_ .3550-01 - 52.06 09621+02
I_.6661 1_.6552 10_1_L771__.___JL6_2+_0 032_L___._5_J__0_ 52.13_621_2

1_,6661 . 1_,6552 1073.10 ,6182+00 ,032_ ,3569-01 51,97 ,9637+02

I_.6663 1_.6555 1078.58 .6152+00 °0323 .3551-01 51.98 .9592_02

i_.6658 1_,65_9 I075.89 .6173+00 _032q o3560-01 52.03 .9636+02

1_,6663 1_.6552 1075.06 .6159+00 .0323 ,3562-01 51.86 .9582+02
I_.6651 I_.6550 1075.63 .61_+00 .0522 .3560-01 51.77 .95_3+02

1_.6573 1_.79_PL____75,10 ,6166+00 __._052/__J_-_86-01 51_59___,_95_2__02_
1_.6661 1_,6552 107_,76 ,6155÷00 ,0323 ,3563-01 51,81 .9567+02

1_8,10 18,6661
__ AVERAGE: lq,6651

"=f

O"

TIME STAG

SEe P_ESS

PSIA
0

35_.30 1_.9102

_b_26..L30 1_.9086
bU6oOO 1_o9107

697.90 1_.9096

868.90 14,908b

948,50 1q,9103

.....___9_68.2N 14,9096
1048,10 14,9081

AVERAGE= 1q,909_

1;.6552

1;.6691

TEST NUMBER

STATIC

pR_L___E_L_ FLOW ....... _ .....
PSIA R LBM/SEC

1079,37 ,61W8+00 .0323 ,35W8-01 51,98 .9586+02
1076.78 .6158÷00 ,_}R3 ..... 3559_0__ ...... _92 __P575_0_ .............................................................................

***** JET CONDITIONS *****

96. RUN NUMBER 135 ORIFICE PLATE NO, gQQgggQ_gg

STAG WEIGHT MACH STATIC VELOCITY MOMENTUM CDJET CD1 CO2 CO3 CO_ CD5 CO6

DEHSITY ............. FLUX ................................
LB/FT3 FT/SEC

1_.6325 ---507.26 .... .1W_q+O0 .1636--,7835-Ol---180.55---,255W÷OW ..... .62W ..... .651"_6_6--,611--'61_-,616 ,612"--

1_.6330 5U7.08 .1_q6+00 .1636 .7838-01 180.55 .2555+0_ .625 .651 .651 .612 .617 .615 .609

1_6328 506.90 .1_7+00 .1631 _,78_1--01 !79,88__,2537+0_ __..__.627 t65_ ._65___615_j620 ,617 .,611
1_.6332 5u6.99 .14_3+00 .1656 .78_0-01 180.45 .2553+0_ .62_ .650 ,6_9 ,610 ,616 ,61_$ ,608

1_.6318 5u6,9_ .1_7+00 .1637 ,78_0-01 180,60 ,2557+0_ ,625 .6_7 ,648 ,613 ,616 ,617 ,613
1_.63_7 506.72 .1_3+00 .162_ .78_-01 179,16 ,2518+0_ ,628 ,65_ ,653 ,616 ,619 ,619 ,612
1_. 63_5 _06;7 6-------,-1_6+ 00--------. i632_:78_3;01------ 179-;97 -- .25_ 0+0 _--;626--_653--'653 • 614--,61:8 --, 617 _, 610

1_,6230 507,08 ,iq_q+O0 ,1665 ,783_-01 183,67 ,26_3+0_ ,61_ ,639 ,639 ,601 ,606 ,605 ,598

1;.6329_____5_7.03 _1;;_+00 _163_3 ,_7839-01 180.__.3__25_6+0; ,625 ,651 .651 ,612 ,617 ,616 ,609
1_,6329 5U6,99 ,1_2+00 ,1629 ,7839"01 179,70 .2532+0_ .626 .652 .652 ,613 .617 .616 .610

1_,6318 506,96 ,1W_+O0 .1636 .7839-01 180._7 .2553+0_ .624



_o:26: tl --PAGE 4 CFD0105_=+260@8.1,30 19 FEB 73

* * * ** .JF____T_O_HAIN_CO ND Z-T-IO NE_*w= * * *

TEST NU_U___ER___ __96.................. RUN _NUMBER __ 135 ORIFICE PLATE NO. .I/0_/06_

TIME_NOMENTLIM J_SIJy____.._LOCITY
RATIO RATIO RATIO

35_.30 26.55 2.21__
_35.10 26°56 2.21

526°30 26.33 2.20

697.90 26.5_ 2.20
777.90 26°28 2.20

868.90 26.6___2.20

--I
;1)

9q8.50 27.70 2.18
968°20 26.62 2.20

L_8._O 26._1__2-_1
AVERA6E= 26.62 2.20

**** AVERAGE VALUES OF THETA AND P__L_ES OF

X/H

.25

...... .__MP_FLOW

RATIO RATIO

3._7 2.13 .234_
3._6 2.13 .2351

3.q6 2.12 .23_0

3.q7 2.13 .23_5

3._7 2.12 .23_3
3._5 2.12 .23_

3._8 2.12 .2353

,._J

1 (1)

3.56 2.12 .23q3
3._8 2.12 .23_6

3.WB 2.12 .23

MIXING PARAMETEReETeAND MAX PATTERN FACTOR ****

....... AVE .... AVE ......
THETA CP ET

.1726 -.0163

.50 .1862 -.01WO

1.00 .1791 -.0129

PATTERN____TEME_DEVIATO_ ...... AVE_JEMP

FACTOR RATIO DEG R DEG K

W5.61 .2086 .IW16 978._1 5W3.56

62.65 .2287 .07_ 970.71 539.28

77.80 .2182 .109_ 97_.72 5_1.51

o

ct-

v

1.50 ...... 1p26_____-_OZSO______87p39 ....... ,2385 .0_2_ 967.0q 537.25
2.00 .1910 -.0122 90.35 .2360 .050_ 967.96 537.76

*** _T=1_SU_(_T(1)_T(1)<T(E_))-T(EB))/(T(_ET)-T(ER))+SUM(*_T(_)(T(I)>T(_R})-T(E_)_/(T(FS)-T_EB_)/_D_T(T_TAL_

TEHp D_ViATION RATIO=(TAVC(X)-T(ENERGY RALANCE)/(T(FREE---STR[AH)-T(ENERGY BALANCE))

,_, PATTERN FACTOR=(T(FR_E STREAM)-TAVE(X))/(TAVE(X)-T(JET))

*** TABLE-oF MAXIMUM THETAVACOEs-IN-ORIFiCE CENTER-PLANES *;*--

LEFT__._E_ RIGHT__S_DE

X/H Y/H Z/_ THETA MAX X/R Y/H Z/S TNETA MAX

(

(

C

(

• 25 ._5--.5u .503 .Z5 .50 1.50 .511

• 50 .59 .5u .381 .50 .59 1.50 .38;

1.00 _59_____.50 .... 261. 1.00 .59 1.50 _285
1.50 .03 .00 .000 1.50 .55 1.50 .2_

2.00 ._5 .50 .227 2.00 .55 1.50 .221

*** TABLE OF MAXIMUM CP VALUES IN ORIFICE CENTER PLANE ***

LEFT SIDE RIGHT SIDE .....

X/H Y/H Z/S CP MAX X/H Y/H Z/S CP MAX

• 25 .50 .50 .067 .25 .55 1.50 .093

• 50 ,6; .50 .082 .SO .6W 1.50 .085

1_00 .78 .50 .050 1.00 .78 !.50 .05_
1.50 .03 .00 ,000 1.50 .83 1.50 .036

2_oo ._ .5o .o_o 2.00 .Be t.50 .0_
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_L_,._TABLE_ 0F T_ETA_NA LUES__* ___

RULNU/VIBELI35 ORIFICE PLATE NO, ,_L/o_M_6,0",

X/H .2500

.... L/S= ...................... ouo0__.!O00 .... 2000 .... 3000 ..... .wOO0 .5000 .6000
Y/H YID

.03_ .191 ,0163 .olb8 .0199 .0199 .0_17 .0_77 .0_58

.... 060__ .45__ ,0110 .0188 ,0447 ,0_7 ..........0950 .......0760 .0699

.127 .7_0 .0040 o1009 .1759 .1759 .1725 .1196 .1542

,17_ . .98_ ,1990 .20_6 ,2787 ,2787 .1951 ,1_07 .1_13

__ ._21 !.,_9 ................. .2J91 .26dl .3284 ,3284 .2087 ,1705 .216_
• 207 1,513 .2_52 .3021+ ,3557 ,3557 ..... ,2505 ...... ,2002 ....... .2347

,7000 .8000 ..... _9000 1,0000

.0277 .02_2 ,0177' " .0219

,060_ ,03_5 ,0126 .... z ,0107
,1858 ,16}1 ,0828 .0418 .....

.2598 ,27_3 .1825 ,0975

,3026 ,3478 .27_8 _1505 i

.3167 ........ .38_0 ,5079 ,1797 ......... :"
,3il+ 1,778 • .2307 ,3232 .5_35 ,3835 .2681

__ ,361 .2,092 " ,2271 ........ .326_ .4158 ....... 9158 ........ ,3387 .....

.4U8 2,bU7 ,1993 .5099 ,4315 ._315 ,431_

.4b_ 2.571 .1557 .2603 .4214 ._214 .4975

.... • 501 2.d56 __ .1079 ....... .1913 .3666 ....... ,3666 ..... 5000
•5_) 5.I00 .0_9 .1101 ,27_6 .27_6 ._80

•bgb _.365 .0198 .0527 .1691 .1691 .3595

.... ,b_l 5.b29 ........ 0061 ...... °0[52 ........... .. ,0689 ....... 0689 .

.2567 .2657

,5148 .3W52

• _197 ._386

,5035 .5050

..... .5018 ..... _877

._551 ,_25_
• 352_ .3217

• 1855 _ .2019

.3517 .qlq2 .325_ .IBPg

.4i63 .4376 ........ 3317 ........ 17_2

,_692 ._565 .2970 .1511

._876 .40_6 ,25_0 ,1028

..... 4502 ....... 3q63 ....... 1759 ......... 071_

.3719 .2502 .0987 .0_15

.2614 ,I_67 .05_6 .0_55

....... 1721 .........128_ ..........0617 ...........020_ .... .0160.
,668 _ :$94 o0014 ,0013 ,0180 ,0180

,705 4_i _6 ,0038 -,0002 ,0008 ,0008

3 ...... -.0014 ,00'7 ,0140 ..,01_0__ .,782 _,_ ............. 2 .....................
• _8 _,607 .0060 ,0055 ,006_ ,006_

_ ,875 _.962 .0251 ,0176 .018_ .018_

_i. __922 ..... 5 • 216 ............ 0a87 .0267 ,9 2_82 ..... 0282 .........

XIH .2500

z/s= z,ouoo ....... i-,1ooo----t-_2oooi ........z,3ooo
3 Y/H Y/D

L .... D54 ..... .191 ................ ,O21g ....... .0201.051B ...... .0592
"--" .O_O ._65 .0167 .01_3 .0_98 .06%W

.127 .7_0 .0_18 .06_4 .i_97 .1766

...... • 179 ...... .gdq ............ .0975 ..... ,.15_5 ,27_3
,2_I i._+9 .lb05 .2427 ,3590

•2o7 1.513 .1797 .2808 .397_

,0696 ,0726 .0586

• 0126 .01W2 .0061

,0059 ......... ,G035 .......... .0036
.00_9 ,00_5 ,0051

• 0187 .0179 .018_

• 0270 .... 0260_ ,0267

1.4000 1.5000 1,6000

• 0537_ .0625 .0520

•0774 .0770 .0922

.1735 .1290 .1585

___ .2966 .2286__ .1578 .185R
•3591 .2659 .19i6 .1997

•3696 .2879 .2235 ,222_

.0357 ,0116 ,0049 ,0126

.0033 -.0022 -,0016 ,0081

.___.,0000 ........ -,0035 ......... _.,0002 ........... .00q7 ........
,003_ ,0032 ,0038 ,0132

,0176 .OIR_ ,0181 ,0257

,0259 ..... .0267 ...... ,0263 ,05_5

1.70o0 ...... 1,8ono ....... l,gO0O .... ,p,oO00 .........

.0400 .0265 .... ,0226 ........... .0227 :

.1005 .0777 o0_12 .07_5

.2015 .2005 .1_6 .08_5

.2_3 ...... ,2827 ..... .2283 ........ .1583

.2636 ,3160 .2954 ,21_3 ......... ----

.2789 ,34_3 ,3156 ,2288

...... ,31_... 1,77_ ............ ,1_29 ........ .3148 j4302 ......... ,598W . .3073 ..... .2531 ......
,301 2,092 ,17152 .3109 ,4_20 ,4502 ,37WW .3229

._08 2.307 .1511 .2911 .4_83 ._920 ,_596 ._353

..... _5_ _. 2.b].j__.. ............... .1028 ............. .238!_ .... _237 ........ 503_ ...... 515_ .... .5087

,25_2 ...... ,3089 .......... ,3761 .... ,3365 ....... .2356
.3259

._202

,5023

,501 2,_6 .071W .16_i ,3462 ,9607 ,5005 .5111 ,_997

• 5_8 3.100 .0_15 .0990 ,2332 .3821 ,9389 ._657 ,_567

....... 595 .... 3.395_.. :........ _0255 .0525 .1365 _..2568 .... ,3360 ...... _3735 ,3628
•_I 3,o_9 ,0160 .0231 .0611 .1178 .1888 .2163 .2102

•008 3,89_ ,0126 .0158 .0280 .0_58 .07_8 ._8_2 ,0889

........ ,7_5 .... _,_5___ :...... ,0081 ....... __0.19_,.5.... _0.165 ,0169 ...... 0226 .......... ,0293 ,026_
.7_2 _._ .0097 .0168 .0177 .0152 .0153 ,0160 .0160

• _28 _.b_t? .0£52 .0197 .0220 .0187 .0168 ._159 ,0166

_. 952._., .......... _257_ .... __02_5 _, 0}0.9 ___, 029_ ..... ,0289_____0_29L ........ e03!2

5,_16 ,0325 .0358 ,0367 ,0361 ,03_8 ,0369 .039_

,5809 ,41n5 ,5_83 ,2312

._W90 ,W286 .3356 ,2053

,4860 ........ ,4172 ......... ,2777 ....... ,16_1

._678 ,3809 .2318 .I180

._015 ,28_ .150_ .0685

,2993 ...........19,_ ..... _0915 ...... #Oq_l

,1516 .097_ .0464 .0259

.0586 ,03g6 .0237 ,0195

.0191 ........... ,0169 ............ 0168 ......... 0193 ........
,01W7 .0175 .0211 ,0222

,0173 .0212 ,02_7 ,0268

....... ,.032_...... .o_3 ..............._o371 ........... o.307..... :.
.0_06 ,0_2_ .0_ ,0_7_
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....... TE_S_T NUNBER 96.

**___T_BLE .OF__3__HE_A__V/_LUES **=

RUN NUMBER 135 ORIFICE PLATE NO, ..1/6_/0(_.

X/H 1,0000

........ Z/S= .0000 ... .1000 ........,2000 _ ,5000

YIH Y/O

,U_4 .191 ,2090. ,130_ ,1565 •1503

_ ,Oh0__ ,455" _ _,2399 ...... ,1523 .... ,1555 .... ,t431
,127 •720 .2031 .1657 ,1G47 ,1569

• 174 •9_4 ,2726 ,1817 ,1774 ,1759

..... .221 1•249__ _ ,2606 ....... .1968 ..... ,1943 ,1924
• ZuT 1.513 ,2_2_ •2162 ,217_ •2095
• 51_ 1,778 .2689 ,2522 ,2558 ,2257

__.. o3_1 2,0__ __ ,2044 __ _ •2488 ....... ,2454 ..... ,_599
• _08 2•307 •2323 ,2518 ,2499 •2508
.454 2.571 .1954 ,2549 ,2535 ,2544

.......• 60i 2,036 ........... .I621 .....,_515 ..... .2556 ....•2661
,548 3.100 ,1245 ,25Z9 ,2467 ,2636

• 695 3,3_5 .07_t7 ,2147 ,2574 ,2544

....... o641 3ob_9 .... •03_4 •1979 ,2182... .2485
•688 3,694 ,0£96 .1710 ,1948 .2280

• 735 4.158 ,0115 ,1385 ,1686 .lg99

,4000 •5000 .6000

• 131_ ,127_ ,1292 .1229 •1512

,1424 ...... •1390 .......... ,1455 ,1418 ....... ,1_Q4.__
.1604 •1588 ,1622 •1626 •16U3

,1705 ,1723 •1758 .1797 ,1854
• 1857 •1895 ,1881 ,1915 .2030

,2025 •2085 ,P071 .2119 ,21o5

• 2180 •9229 ,2228 .2263 ,2339

_•2581 .•2412 ..... 259A ..... 2408 .... ,2474
,2520 .2526 •2542 ,2525 •2545

,2622 .2652 ,2628 .2601 ,2556

• 2711 .... ,2781 .........,2725 .... ,2652 ......

• 2772 .2808 •2784 ,2681
,2718 •2812 ,2794 ,2671

,2677 ...... ,2810 ,?750 ,2549 ,2256
.2569 ,2646 ,2612 ,2589 ,2058
• 2511 ,2411 ,2547 ,2103 ,17_9

.7000 ...... ,8000._ .9000 ........ 1,0000 ............

,1285 .1556

,1#85 ........ .1518 I
.1709 ,1690 ,

i
,1892 .1_85

• 2064 ,2083

,2256 •22_5

• _35R .236_ i

..... • Pq4R ..... ,2468
.2479 .2449

,2446 .2428

,2552 ....... •236_ ..... ,2502 ....
• 2454 ,2218 ,2150 ,

• 2360 .2065 .1889

....... ,1920 ..... .17_5 ..... :
• 161R ,1407
• 1306 .1098

,.=4__,782 .... 4,423 ................ ,0206 ...... _1108__•1400 ....... .1749 ........... ,1988 ........ ,2109
m ,_28 4•o_7 •0304 ,0895 ,1145 ,1475 ,1784 •1759
O" .875 4,952

• 9:)2 5,21E,

._,--, X/H

c_ Z/S:
0 Y/H Y/D

,Oh,+ .... ,£9___
I"- ....

• b_O .455

• 127 • 720

1,0000

z,oooo---z-,znOo

...... .1556 .......... ,129_
• 1516 .1529

.I_90 .1710

-.0500 .0681 .0860 ,1110 ,1340 ,1337
-.Ou09 ........rO6_Z......,_.0_9.........0915 .... ,i056......,I060

,2027

,1061
.1298

,0984

,1805 ,1596 ,1051 ,0R69 ..... ;
,1520 ......... '1161 ....... ,079R ........... .0709

.I148 ,08_9 .0619 ,0586

.0902 ..... ,07Rt .......,060_ .........,0552 .......

1,2000- i,3000 .... 1 ._000 ....... 1,5000 i,-6000 ------_, 7000 .... 1

.1273 .1280

.1473 .I_56
,]645 .1652

,1832_. , ,1278 ........

,2033 ,]954
,2227 ,2154

.2_92 .

,2454

• 1285 ...... .1291 ,1272 ,1278 ......
,1431 ,1445 ,1405 ,1431

.1614 ,1631 ,1570 .1580

.1788 ..... .1754 .1743 ,1726 ....

.1916 ,1875 .1851 ,1864

,2105 ,2090 .2023 ,2048

• 2293 .....2258 .217_ .2182 .....

,2_Iq2 ,2409 .2344 ,2344

___.174 ..... .9oq ......... ,1_83 ..... .1308
• 2_1 1,2_9 ,2083 ,20_2

,207 1.513 ,2253 ,2260

___,314.__ 1,77_ ....... ,2362 ...... ,2379 ...........2345 .....
._01 2,0_2 ,2_68 .24_,8 .2450

• 8000 ..... I-, q000----P, 0000 .........

• 1366 ,1593 .146_

• 1472 ,1514 ........ ,I_62

• 1610 .1649 .1691
.17_6 ,|.757 .1826

• 1933_,'1905 ,1986

• 20P5 .2117 ,2154

,2243 ..........2245 .... ,2264
• 2417 ,2360 ,2374

._08 2,307 .2449 .250(_ ,2499 ,29B9 ,2576 ,2510

,45_ 2,671 ,2428 ,2_70_..___ ,25_7 ....... .2598 2658 ,2634
• _1 ................2o_3G. ,Z302-------.2309 .2518. °2665 ..... :2776 ....... ,_773

,546 3,100 ,2150 ,2220 ,2455 .2644_ .2819

...... 595 .... 3,505 ..... .1889 ,2027 .2328 ........ 2592 ...... ,2803 .......
.641 3.6Z9 ,1745 ,1825 ,2187 ,2534 .2747
• 6_8 5,894 .1_A7 .1682 ,2006 ,2447 ,2632

..... •755 ..... 4,_58 .......... ,_!098 ,1334 ,1752................... .2145 ....... ,2341
.782 4,423 .0869 .1094 ,1_;9 ,1R72 .2133

•828 4.607 ,0709 .0806 ,1269 .1568 ,1802

.._,875 4,962 ,058_ ,0700 ,0924
;b2_- 5._6 ...............,o532...........;o593..........o76_

..... I172 ......... ,1560 "--
,0946

,2521

,2637
,2698

• 2828 ,2779

,2849 ,2810

• 28_5 .2795
,2741 .2666

.2518 ,2_10

• 2281 ,2096

• 1954 ,1829
.,1_q7 .1392

.zo31 ......... ;-1o96 .fogy

,2441 ,2474 .2438 ,2_18

.2561 ............2515 ..... .2437 ........,2_29 .......

.2613 .2519 ,2388 ,2580

.2659 ,29_8 ,2284 .2253

.2616 .23_7 ,2114 ,20_2

---_2582 ....... ;2263-----,1938 ,1834 ......

.2_23 .20qI .1691 .1579 ,

.2205 .1765 .135_ .... '_. 1323 .............

.1960-- .1522 .115_ ,1075

,1593 .1222 .0963 .0866
,1185 ,0989 ,0795 .0781

.o963.......,0891......,o259 ............,o730...........



...... ***_ TABLE.OE_CP VALUE$_**

RUN NUMBER 135

x/H %2500 ......

____IS=_____ .................... 0_00__ .1000

Y/H Y/D

.03_ .191 .0035 .0032

___.b_O__ ._55_ ......... .0013 ..... -.0017
• 127 .720 -.0096 -.0146

.17_ .9_4 -.0201 -.0258

....... ._I 1.21_9

.2o7 l.b13

._14 1.778

....... _bl 2.0_2

• _06 2.507

.2000 .3000 .#000 .5000

-.0064 -.0064 -.0638 -.075_

-.0225____,.0225___-.0865_.1017

-.0441 -.04_I -.1263 -.141_

-.0745 -.07_5 -.1605 -.1717

-.0194 ....... C.0230 ..... _.0961 .............-.0901 ..... -.1755 .... _--.1802 .....
-.0091 -.0030 -.0750 -.0750 -.1765 -.1753

•OUI5 .0125 =.0456 -.0456 -.1702 -.1698

............. • 0102 ..... 03it_ -.0077 ........ -.0077 .... ,.1516 ...... -.1578 ....
.0120 ,03bo .0430 .0430 -.i061 -•1148

.6000 .7000 .8000 .9000 1.0000

-.0600 -.0286 -.0105 -.0016 .00_8

___.-,982_ -.0_18 -.DIRT -___.0017 .005_ ....
-.1180 -.0738 -.0362 -.0178 -.0011

-.150_ -.I068 -.0710 -.0270 -00129

-.1723 -.1321 -.0821 -.0176 -.0169

-.1708 -.1361 -.0314 .01_2 -.0059

-.1558 ...... r 09W9 .0176 .0206 ...... .001_

-.0920 - 0126 .0510 .0318 .0063

,4b4 2.571

........ .bOl 2.856

.b48 3.100

.595 3.365

.........b_1 _ 3.b29

.b68 3.894

.735 4.158

•_8 _.0_7

•0098 ,0339 ,0680 ,0680 ,0180

•0092 •0233 .0600 ...... .0600 .0990

•0090 •0163 ,0591 .0391 ,0966

.0091 •CI19 .0226 .0226 .0584

•00_9 .0098 ,0147 .OU_7 •0328

.0U_7 ,00_5 .0101 •0101 •0185

• 0093 .0079 .0083 ,0083 •0122

.0079 ........ .0076 ........ ..0076 _ .0076 .0087

.0064 .0058 .0065 .0065 •U064

•03ql .0131

.0075 _ .0798
• 0q62 .0738

.0259 .0_70
,0156 ,0262

.0100 .0]60

.0084 •0111

.0059 =0093

.0001 .0060

0652 .057_ .0265 .0072

0879 .0q77 .0178 =007g

061_ ,0309 .0122 ®0080

.0360 .0190 .0097 °0077

0216 .01}5 •0088 ®OOSO

0151 .00_0 .007_ .0088

,0095 .0074 .0067 _0093

0071 .006_ .0063 ,0001

0056 ..... .0052 ....... '0040 ........ .0075

D" .b75 W.952

....... 992 ....5.216A .......

<
,..., X/H

o Z/S:

o Ylr_ Y/D

¢_-_.V_4 .191
.ObO .465

v

.la7 .7ao

.2bOO

1. 0000 ...... i-_io00---_1-. 2000 - - - 1,3000 ........ 1 ._000 ........1.5000 ..... i-_600d ---1.70o0

• 0U48 .... -.0005 ....... -.OOB1 -•0245 -•0471 -.0799 -.0652 -.0393 ......
.0054 .0009 -.011q -.0461 -.0683 -.0983 ........._.0899 -.0728

-•Doll -.0079 -.0231 -.0811 -.1146 -.1359 -.1312 -.1076

1.8000---_.9000 2.0000 ............

-.0111 .0010 ....... ,OOW8 ..........
-,0222 -.0058 .0010

-.0561 -.0_06 -.0088

, .... ,114

.211

._07 1.513 -.0135

..... .31_ 1.778 ............ _.0059

.301 _.0_2 .0014

._U8 2.307 .0063

..... • _b_ 2.571 .......... .0072
.bOl 2.856 .0078

•5_8 3,100 .0080

• 595 3.305 ........ .0077

.6_1 3.629 .0080

.U088

•9_ ............ -•0129 -•0141 .... ,,0453 ..... -.1223 .......-.1548
1.2_9 -.0169 -.0150 -.0512 -.1376 -.1729

.0000 -.0321 -.I_+97 -.1779

....... 0118 ...... .0015 ..... -.1W68 __ ".173W

.0220 .0460 --.0909 --.1550

.0223 .0717 -.0102 -.0872

.0198 ....... .0800 ..... .0659 .0122
.0153 .0569 .0810 .0801

.0112 .0351 .0591 .077_

• 688 3.89W

.......... 735 .... 4.158 ...... :_ .... 0.093 .....__.0979_.______.9_7__.,0095 .......... .0125 *0135
• 782 4._23 .0091 .0073 .0078 .0080 ,0091 .0097

• 8a8 W.687 , .0075 .004_ .0052 .0063 .0067 .0062

....... 875 ...... _.952.__ ............ ,.0_2_ ....... -_,OO_Q3 ......... ,_0_0.07 ...... 0006 ..... ,0025 ....... ,.0017_
•9_2 5._16 -.00_6 -.0068 -.0067 -.0067 -.00_8 -,0060

.0105 .0203 .0340 .049W

.OOd7 .0156 .0197 .0290

• 0061 .0097 .0132 .0177

-.0001

-,0071

.0081

.0065

-.1672 __,.1591 -.lq17 -.0887 -.02W8 -.0220 ............
....-.1756 -.1725 .... L.1568 ......-.1OR6- -.0182 .....-.0191

-,1712 -.1705 -.1616 -.091_ -.0055 -.0098

.... -.1657 -,16_6 -.1538 ..... C.0621 ___.0166 ___r___.'0007 ........

-.1572 -.1570 -.1277. -.02_0 .030_ .0051
-_1212 -.I081 -.0617 ,0316 .0371 .0062

-_0202 .0009 .0245 .06_9 ...... .0321 .O05R ............
.0796 .07_7 .0723 ......... .0555 .0222 ..... .0062

_0927 .0753 .0579 .0375 .0166 ,0063

• 0603 .0478 .03W1 .0222 .0121 .O05q ..........
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single jet data indicates that single jet correlations do not adequately describe the multiple jet results.
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